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Outline

• introduction of unconventional superconductivity and chiral phase

• topological invariant: Chern number for 2D superconductors

• edge states – bulk-edge correspondence

• spontaneous surface supercurrents

• quantized thermal Hall effect

• extension to 3D chiral superconductors

• other topological superconductors in 2D – helical edge states

• classification



Unconventional Superconductors
superconductivity

Fermi surface instability
BCS - coherent state of Cooper pairs

Fss0(~k) = h�BCS |ĉ�~ks0 ĉ~ks|�BCSi

<latexit sha1_base64="yhU/KUOihhtG3K456l0VQxJVOUg="></latexit>

pair wavefunction

Pauli principle

~k ! �~k s $ s0

totally antisymmeric

Fss0(~k) = �Fs0s(�~k)

<latexit sha1_base64="2ZB/zlFgCTsj/lOKXr6acI8D+ug="></latexit>

F̂ (~k) = �F̂ (�~k)T

<latexit sha1_base64="eIOQ3VFAvmTG5eTbIO7b4/avvaw="></latexit>

|�BCSi =
O

~k,s,s0

n
u~k,ss0 + v~k,ss0 |~k, s;�~k, s

0i
o

<latexit sha1_base64="xFbrxEbPU7wwmwqtL44G/15EXZ8="></latexit>

even-parity spin-singlet

odd-parity spin-triplet

f0(~k) = f0(�~k)

<latexit sha1_base64="tqDC0rMJX9I9JWYPMswT0rsfAsc=">AAACBnicbZBNS8MwGMdTX+d8q3oUITiEeXC0Mpg7CEMvHie4F9hKSbN0C0vTkqSDUXby4lfx4kERr34Gb34b064M3/4Q+D3/53lI8vciRqWyrE9jaXlldW29sFHc3Nre2TX39tsyjAUmLRyyUHQ9JAmjnLQUVYx0I0FQ4DHS8cbXab8zIULSkN+paUScAA059SlGSluueeS7Vrk/ITgZz07hJUzLs0XtmiWrYmWCf8HOoQRyNV3zoz8IcRwQrjBDUvZsK1JOgoSimJFZsR9LEiE8RkPS08hRQKSTZN+YwRPtDKAfCn24gpn7fSNBgZTTwNOTAVIj+buXmv/1erHyL5yE8ihWhOP5RX7MoAphmgkcUEGwYlMNCAuq3wrxCAmElU6umIVQzwTnUKvmULcXIbTPK3a1Ur+tlhpXeRwFcAiOQRnYoAYa4AY0QQtgcA8ewTN4MR6MJ+PVeJuPLhn5zgH4IeP9C5nEl7k=</latexit>

~f(~k) = �~f(�~k)

<latexit sha1_base64="rFYRlxxX93+wV4db8+tLw6qmfrw=">AAACD3icbZDLSgMxFIYzXmu9jbp0EyxKXbTMSKF2IRTduKxgL9AOJZNm2tBMZkgyhTLMG7jxVdy4UMStW3e+jel0LN5+CPn4zzmc5HdDRqWyrA9jaXlldW09t5Hf3Nre2TX39lsyiAQmTRywQHRcJAmjnDQVVYx0QkGQ7zLSdsdXs3p7QoSkAb9V05A4Phpy6lGMlLb65klvQnDsJcX0Hien8AKWvrzSwuybBatspYJ/wc6gADI1+uZ7bxDgyCdcYYak7NpWqJwYCUUxI0m+F0kSIjxGQ9LVyJFPpBOn/0ngsXYG0AuEPlzB1P0+ESNfyqnv6k4fqZH8XZuZ/9W6kfLOnZjyMFKE4/kiL2JQBXAWDhxQQbBiUw0IC6rfCvEICYSVjjCfhlBLBedQrWRQsxchtM7KdqVcu6kU6pdZHDlwCI5AEdigCurgGjRAE2BwBx7AE3g27o1H48V4nbcuGdnMAfgh4+0TxROcRg==</latexit>

F̂ (~k) =

8
>>>><

>>>>:

f0(~k)�̂0i�̂y

~f(~k) · ~̂�i�̂y

<latexit sha1_base64="X11cgdQ47/e1NxLx2xhrY0N2qRI="></latexit>

| "#i � | #"i

<latexit sha1_base64="UgzJYDpkUG1gwOo+wLmN/LPYq18=">AAACJHicbZBJS8NAHMUndat1i3r0MlgEL5ZECrV4KXrxWMEu0IYymU7aoZNJmJlYStoP48Wv4sWDCx68+FmcJqHU5cHAj/f+sz03ZFQqy/o0ciura+sb+c3C1vbO7p65f9CUQSQwaeCABaLtIkkY5aShqGKkHQqCfJeRlju6nueteyIkDfidmoTE8dGAU49ipLTVMy+n3ShEQgRj2O0HY56hQHzACDyD02V3MZnGPbNolaxE8C/YGRRBpnrPfNOn4cgnXGGGpOzYVqicGAlFMSOzQjeSJER4hAako5Ejn0gnTj45gyfa6UMvEHpxBRN3eUeMfCknvqsnfaSG8nc2N//LOpHyLpyY8jBShOP0Ii9iUAVw3hjsU0GwYhMNCAuq3wrxEAmEle61kJRQTQRTqJQzqNqLEprnJbtcqt6Wi7WrrI48OALH4BTYoAJq4AbUQQNg8ACewAt4NR6NZ+Pd+EhHc0a25xD8kPH1Dan2pno=</latexit>

| ""i, | "#i+ | #"i, | ##i

<latexit sha1_base64="8Ulw7DwQ8YXhSwD/PCR2d0gB68U="></latexit>



Unconventional Superconductors
real space onsite 

pairing amplitude

I0 =
X

~k2BZ

f0(~k)

<latexit sha1_base64="FQbswYRrWuT0HR8nSowNTBEXDVo="></latexit>

~I =
X

~k2BZ

~f(~k)

<latexit sha1_base64="0NWnME9PbCsKLfl8L+x47jSjvAc="></latexit>

conventional

superconducting phase is

unconventional

I0 6= 0

<latexit sha1_base64="vSHaz+pfUvUzisnuJp7owHCDtkw=">AAAB8XicbZDLSsNAFIZPvNZ6q7p0M1gEVyWRQu2u6EZ3FewF21Am05N26GQSZyZCCX0LNy4UcevbuPNtTNMg3n4Y+PjPOZwzvxcJro1tf1hLyyura+uFjeLm1vbObmlvv63DWDFssVCEqutRjYJLbBluBHYjhTTwBHa8ycW83rlHpXkob8w0QjegI8l9zqhJrdurgU36Eu+IPSiV7YqdifwFJ4cy5GoOSu/9YcjiAKVhgmrdc+zIuAlVhjOBs2I/1hhRNqEj7KUoaYDaTbKLZ+Q4dYbED1X6pCGZ+30ioYHW08BLOwNqxvp3bW7+V+vFxj9zEy6j2KBki0V+LIgJyfz7ZMgVMiOmKVCmeHorYWOqKDNpSMUshHomsoBaNYe68xVC+7TiVCv162q5cZ7HUYBDOIITcKAGDbiEJrSAgYQHeIJnS1uP1ov1umhdsvKZA/gh6+0TM8OQYg==</latexit>

I0 = 0

<latexit sha1_base64="KVb1gvW2C/69BZ8DBd5UtUNnKoQ=">AAAB7nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdQuhKIb3VWwF2iHkkkzbWgmMyQZoQx9CDcuFHHr87jzbUyng3j7IfDxn3M4J78fC66N43ygwsrq2vpGcbO0tb2zu1feP+joKFGUtWkkItXziWaCS9Y23AjWixUjoS9Y159eLerde6Y0j+SdmcXMC8lY8oBTYqzVvRk6+AI7w3LFqTqZ8F9wc6hArtaw/D4YRTQJmTRUEK37rhMbLyXKcCrYvDRINIsJnZIx61uUJGTaS7Nz5/jEOiMcRMo+aXDmfp9ISaj1LPRtZ0jMRP+uLcz/av3EBOdeymWcGCbpclGQCGwivPg7HnHFqBEzC4Qqbm/FdEIUocYmVMpCaGTCS6jXcmi4XyF0zqpurdq4rVWal3kcRTiCYzgFF+rQhGtoQRsoTOEBnuAZxegRvaDXZWsB5TOH8EPo7ROisY7h</latexit>

~I = 0

<latexit sha1_base64="XneN/2RUN/mNr8m/LGiUcWEJNXg=">AAAB8nicbZDLSgMxFIYz9VbrrerSTbAIrsqMFGoXQtGN7ipYW5gOJZOetqGZZEgyhTL0Mdy4UMStT+POtzGdDuLth8DHf87hnPxhzJk2rvvhFFZW19Y3ipulre2d3b3y/sG9lomi0KaSS9UNiQbOBLQNMxy6sQIShRw64eRqUe9MQWkmxZ2ZxRBEZCTYkFFirOX3pkDTmzm+wG6/XHGrbib8F7wcKihXq19+7w0kTSIQhnKite+5sQlSogyjHOalXqIhJnRCRuBbFCQCHaTZyXN8Yp0BHkplnzA4c79PpCTSehaFtjMiZqx/1xbmfzU/McPzIGUiTgwIulw0TDg2Ei/+jwdMATV8ZoFQxeytmI6JItTYlEpZCI1MeAn1Wg4N7yuE+7OqV6s2bmuV5mUeRxEdoWN0ijxUR010jVqojSiS6AE9oWfHOI/Oi/O6bC04+cwh+iHn7RNS0pEM</latexit>

”s-wave”

”p-,d-wave”
higher angular 

momentum

�̂(~r � ~r0) =
1

⌦

X

~k2BZ

F̂ (~k)ei
~k·(~r�~r0)

<latexit sha1_base64="B5ukCgg+xbQMqX/Lx61KDAWTKUU="></latexit>

”real space pair wave function” only the pairing state with relative 

angular momentum

has finite onsite amplitude

` = 0

<latexit sha1_base64="3Jz9y/ScHaJAJQkcFFVRfoXLM/4=">AAAB73icbZDJSgNBEIZr4hbjFvXopTEInsKMBGIOQtCLxwhmgWQIPZ2apEnPYnePEIa8hBcPinj1dbz5NnYmg7j90PDxVxVV/Xux4Erb9odVWFldW98obpa2tnd298r7Bx0VJZJhm0Uikj2PKhQ8xLbmWmAvlkgDT2DXm14t6t17lIpH4a2exegGdBxynzOqjdUboBDkgtjDcsWu2pnIX3ByqECu1rD8PhhFLAkw1ExQpfqOHWs3pVJzJnBeGiQKY8qmdIx9gyENULlpdu+cnBhnRPxImhdqkrnfJ1IaKDULPNMZUD1Rv2sL879aP9H+uZvyME40hmy5yE8E0RFZfJ6MuESmxcwAZZKbWwmbUEmZNhGVshAamcgS6rUcGs5XCJ2zqlOrNm5qleZlHkcRjuAYTsGBOjThGlrQBgYCHuAJnq0769F6sV6XrQUrnzmEH7LePgHwkY+s</latexit>

�̂(~r � ~r 0) ! |~r � ~r 0|`

<latexit sha1_base64="a2cTZ65zXts3Z4uZEcZJernYOSw="></latexit>

s-wave



Unconventional Superconductors
real space onsite 

pairing amplitude

I0 =
X

~k2BZ

f0(~k)

<latexit sha1_base64="FQbswYRrWuT0HR8nSowNTBEXDVo="></latexit>

~I =
X

~k2BZ

~f(~k)

<latexit sha1_base64="0NWnME9PbCsKLfl8L+x47jSjvAc="></latexit>

conventional

superconducting phase is

unconventional

I0 6= 0

<latexit sha1_base64="vSHaz+pfUvUzisnuJp7owHCDtkw=">AAAB8XicbZDLSsNAFIZPvNZ6q7p0M1gEVyWRQu2u6EZ3FewF21Am05N26GQSZyZCCX0LNy4UcevbuPNtTNMg3n4Y+PjPOZwzvxcJro1tf1hLyyura+uFjeLm1vbObmlvv63DWDFssVCEqutRjYJLbBluBHYjhTTwBHa8ycW83rlHpXkob8w0QjegI8l9zqhJrdurgU36Eu+IPSiV7YqdifwFJ4cy5GoOSu/9YcjiAKVhgmrdc+zIuAlVhjOBs2I/1hhRNqEj7KUoaYDaTbKLZ+Q4dYbED1X6pCGZ+30ioYHW08BLOwNqxvp3bW7+V+vFxj9zEy6j2KBki0V+LIgJyfz7ZMgVMiOmKVCmeHorYWOqKDNpSMUshHomsoBaNYe68xVC+7TiVCv162q5cZ7HUYBDOIITcKAGDbiEJrSAgYQHeIJnS1uP1ov1umhdsvKZA/gh6+0TM8OQYg==</latexit>

I0 = 0

<latexit sha1_base64="KVb1gvW2C/69BZ8DBd5UtUNnKoQ=">AAAB7nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdQuhKIb3VWwF2iHkkkzbWgmMyQZoQx9CDcuFHHr87jzbUyng3j7IfDxn3M4J78fC66N43ygwsrq2vpGcbO0tb2zu1feP+joKFGUtWkkItXziWaCS9Y23AjWixUjoS9Y159eLerde6Y0j+SdmcXMC8lY8oBTYqzVvRk6+AI7w3LFqTqZ8F9wc6hArtaw/D4YRTQJmTRUEK37rhMbLyXKcCrYvDRINIsJnZIx61uUJGTaS7Nz5/jEOiMcRMo+aXDmfp9ISaj1LPRtZ0jMRP+uLcz/av3EBOdeymWcGCbpclGQCGwivPg7HnHFqBEzC4Qqbm/FdEIUocYmVMpCaGTCS6jXcmi4XyF0zqpurdq4rVWal3kcRTiCYzgFF+rQhGtoQRsoTOEBnuAZxegRvaDXZWsB5TOH8EPo7ROisY7h</latexit>

~I = 0

<latexit sha1_base64="XneN/2RUN/mNr8m/LGiUcWEJNXg=">AAAB8nicbZDLSgMxFIYz9VbrrerSTbAIrsqMFGoXQtGN7ipYW5gOJZOetqGZZEgyhTL0Mdy4UMStT+POtzGdDuLth8DHf87hnPxhzJk2rvvhFFZW19Y3ipulre2d3b3y/sG9lomi0KaSS9UNiQbOBLQNMxy6sQIShRw64eRqUe9MQWkmxZ2ZxRBEZCTYkFFirOX3pkDTmzm+wG6/XHGrbib8F7wcKihXq19+7w0kTSIQhnKite+5sQlSogyjHOalXqIhJnRCRuBbFCQCHaTZyXN8Yp0BHkplnzA4c79PpCTSehaFtjMiZqx/1xbmfzU/McPzIGUiTgwIulw0TDg2Ei/+jwdMATV8ZoFQxeytmI6JItTYlEpZCI1MeAn1Wg4N7yuE+7OqV6s2bmuV5mUeRxEdoWN0ijxUR010jVqojSiS6AE9oWfHOI/Oi/O6bC04+cwh+iHn7RNS0pEM</latexit>

”s-wave”

”p-,d-wave”
higher angular 

momentum

symmetry operations

g � F̂ (~k) )

8
><

>:

g � f0(~k) = f0(Rg
~k)

g � ~f(~k) = Rg
~f(Rg

~k)

<latexit sha1_base64="LU01HvqpRnUjxH7SWefG+OagIa8="></latexit>

g 2 P

<latexit sha1_base64="XwzwiudFx1ylOSzMCeOoUqfCE7s=">AAAB9XicbZBLS8NAFIVv6qvWV9Wlm8EiuCqJFGp2RTcuK9gHNLFMppN26GQSZiZKCf0fblwo4tb/4s5/4zQN4uvAwMc59zKXEyScKW3bH1ZpZXVtfaO8Wdna3tndq+4fdFWcSkI7JOax7AdYUc4E7WimOe0nkuIo4LQXTC8Xee+OSsVicaNnCfUjPBYsZARrY92OkccEyjyCOWrPh9WaXbdzob/gFFCDQu1h9d0bxSSNqNCEY6UGjp1oP8NSM8LpvOKliiaYTPGYDgwKHFHlZ/nVc3RinBEKY2me0Ch3v29kOFJqFgVmMsJ6on5nC/O/bJDq8NzPmEhSTQVZfhSmHOkYLSpAIyYp0XxmABPJzK2ITLDERJuiKnkJbi60hGajANf5KqF7Vncadfe6UWtdFHWU4QiO4RQcaEILrqANHSAg4QGe4Nm6tx6tF+t1OVqyip1D+CHr7RO5kZJw</latexit>

crystal point group
K � fµ(~k) = fµ(~k)

⇤

<latexit sha1_base64="0H2xqrjWMPiFOy2J70Khy3S/irI=">AAACIHicbZBLS8NAFIUn9VXrK+rSzWARqouSSKF2IRTdCG4q2Ac0tUxuJ+3QyYOZSaGE/BQ3/hU3LhTRnf4a0zSIWg8MfJxzLzNz7IAzqQzjQ8stLa+sruXXCxubW9s7+u5eS/qhANoEn/uiYxNJOfNoUzHFaScQlLg2p217fDnL2xMqJPO9WzUNaM8lQ485DIhKrL5ejSwgHF/H2AImADv9yHLDGJesCYVoHB/jc7xo3p309aJRNlLhRTAzKKJMjb7+bg18CF3qKeBEyq5pBKoXEaEYcBoXrFDSgMCYDGk3QY+4VPai9IMxPkqcAXZ8kRxP4dT9uRERV8qpayeTLlEj+Tebmf9l3VA5Z72IeUGoqAfzi5yQY+XjWVt4wAQFxacJEBAseSuGEREEVNJpIS2hlgrPoVrJoGZ+l9A6LZuVcu2mUqxfZHXk0QE6RCVkoiqqoyvUQE0E6B49omf0oj1oT9qr9jYfzWnZzj76Je3zC8/7opA=</latexit>

� � fµ(~k) = fµ(~k)e
i�

<latexit sha1_base64="QOP9mk48HCRVdCpQnV1+PZD7O8I="></latexit>

time reversal

U(1) gauge



Unconventional Superconductors
example: tetragonal crystal 

�+ f0(~k) �� ~f(~k)

A1g 1 A1u x̂kx + ŷky

A2g kxky(k2x � k)y2) A2u x̂ky � ŷkx

B1g k2x � k2y B1u x̂kx � ŷky

B2g kxky B2u x̂ky + ŷkx

Eg {kxkz, kykz} Eu {ẑkx, ẑky}

<latexit sha1_base64="GN0rLrK2shA1vIXyakLORK7Z7So="></latexit>

classification by
irreducible representations

two-dimensional representation

~f(~k) = ⌘xẑkx + ⌘y ẑky

<latexit sha1_base64="ZkCfQwgC/nn8P5iTqOvBPgRnf0A="></latexit>

spontaneous symmetry breaking
Landau paradigm

two-fold degeneracy

two-component
order parameter

Eu

<latexit sha1_base64="41fjeQjZqBuG+4p9g6V1cV14oEA=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuiiK4rGgv0A4lk2ba0ExmSDJCGfoIblwo4tYncufbmE4H8fZD4OM/53BOfj8WXBvH+UCFldW19Y3iZmlre2d3r7x/0NFRoihr00hEqucTzQSXrG24EawXK0ZCX7CuP71c1Lv3TGkeyTszi5kXkrHkAafEWOv2apgMyxWn6mTCf8HNoQK5WsPy+2AU0SRk0lBBtO67Tmy8lCjDqWDz0iDRLCZ0Ssasb1GSkGkvzU6d4xPrjHAQKfukwZn7fSIlodaz0LedITET/bu2MP+r9RMTnHspl3FimKTLRUEisInw4t94xBWjRswsEKq4vRXTCVGEGptOKQuhkQkvoV7LoeF+hdA5q7q1auOmVmle5HEU4QiO4RRcqEMTrqEFbaAwhgd4gmck0CN6Qa/L1gLKZw7hh9DbJ2bkjk0=</latexit>

several symmetries can be 
broken spontaneously  in

the superconducting phase

G = P ⇥K ⇥ U(1)

<latexit sha1_base64="ZQ2MvyHRX3JnorTR4tJuh8ZOyOk=">AAACGHicbZDLSsNAFIYnXmu9RV26GSxC3dRECrULoehCwU0F0xaaUCbTSTt0cmFmIpSQx3Djq7hxoYjb7nwbp0ko3n4Y+M5/5nBmfjdiVEjD+NSWlldW19ZLG+XNre2dXX1vvyPCmGNi4ZCFvOciQRgNiCWpZKQXcYJ8l5GuO7ma97sPhAsaBvdyGhHHR6OAehQjqayBfprYGDF4ncILmGM7hbakPhFFfbuorap5MtArRs3IBP+CWUAFFGoP9Jk9DHHsk0BihoTom0YknQRxSTEjadmOBYkQnqAR6SsMkNrkJNnHUnisnCH0Qq5OIGHmfp9IkC/E1HfVTR/Jsfjdm5v/9fqx9M6dhAZRLEmA80VezKAM4TwlOKScYMmmChDmVL0V4jHiCEuVZTkLoZkJ5tCoF9A0FyF0zmpmvda8q1dal0UcJXAIjkAVmKABWuAGtIEFMHgEz+AVvGlP2ov2rn3kV5e0YuYA/JA2+wK0ep67</latexit>

orbital & spin

conventional



Unconventional Superconductors
example: tetragonal crystal 

~f(~k) = ⌘xẑkx + ⌘y ẑky

<latexit sha1_base64="ZkCfQwgC/nn8P5iTqOvBPgRnf0A="></latexit>

F [~⌘] = a(T )|~⌘|2 + b1|~⌘|4 +
b2
2

�
⌘⇤2x ⌘2y + ⌘2x⌘

⇤2
y

 
+ b3|⌘x|2|⌘y|2

<latexit sha1_base64="zK3+NTPsgpvCEX+uxAsrYbUm6iU="></latexit>

~⌘ = (⌘x, ⌘y)

<latexit sha1_base64="TQnuzDenyCB1FycJmNa7gZ1R7OA="></latexit>

~⌘ = ⌘0(1,±i)

<latexit sha1_base64="mARXKd0XDGdIXtCQboGz0SQ42c8="></latexit>

~⌘ = ⌘0(1,±1)

<latexit sha1_base64="OWMKuS18a7P1N4o3ZJMmTSIDnic="></latexit>

~⌘ = ⌘0(1, 0), ⌘0(0, 1)

<latexit sha1_base64="I7SXAVhXV0k/3zawQtWxevMupGk="></latexit>

two-component 
order parameter

possible stable phases

fz(~k) = ⌘0(kx ± iky)

<latexit sha1_base64="gtetGLthjbfJN4Fy+LcAMfYL6RM="></latexit>

fz(~k) = ⌘0(kx ± ky)

<latexit sha1_base64="GXXEuWf5QE9wk5b3MojVVPpeK3c="></latexit>

fz(~k) = ⌘0kx, ⌘0ky

<latexit sha1_base64="H5GKZl8aOvTk6iNbjWX4u6RBTjY="></latexit>

chiral
broken time reversal symmetry broken crystal rotation symmetry 

nematic

Ginzburg-Landau Theory



Unconventional Superconductors
example: tetragonal crystal 

~f(~k) = ⌘xẑkx + ⌘y ẑky

<latexit sha1_base64="ZkCfQwgC/nn8P5iTqOvBPgRnf0A="></latexit>

F [~⌘] = a(T )|~⌘|2 + b1|~⌘|4 +
b2
2

�
⌘⇤2x ⌘2y + ⌘2x⌘

⇤2
y

 
+ b3|⌘x|2|⌘y|2

<latexit sha1_base64="zK3+NTPsgpvCEX+uxAsrYbUm6iU="></latexit>

~⌘ = (⌘x, ⌘y)

<latexit sha1_base64="TQnuzDenyCB1FycJmNa7gZ1R7OA="></latexit>

~⌘ = ⌘0(1,±i)

<latexit sha1_base64="mARXKd0XDGdIXtCQboGz0SQ42c8="></latexit>

~⌘ = ⌘0(1,±1)

<latexit sha1_base64="OWMKuS18a7P1N4o3ZJMmTSIDnic="></latexit>

~⌘ = ⌘0(1, 0), ⌘0(0, 1)

<latexit sha1_base64="I7SXAVhXV0k/3zawQtWxevMupGk="></latexit>

two-component 
order parameter

possible stable phases

fz(~k) = ⌘0(kx ± iky)

<latexit sha1_base64="gtetGLthjbfJN4Fy+LcAMfYL6RM="></latexit>

fz(~k) = ⌘0(kx ± ky)

<latexit sha1_base64="GXXEuWf5QE9wk5b3MojVVPpeK3c="></latexit>

fz(~k) = ⌘0kx, ⌘0ky

<latexit sha1_base64="H5GKZl8aOvTk6iNbjWX4u6RBTjY="></latexit>

chiral
broken time reversal symmetry broken crystal rotation symmetry 

nematic

|fz(~k)|2

<latexit sha1_base64="XKcwZDsnvdqA47FbHsKcXmHAc7k=">AAAB+XicbZBLS8NAFIVv6qvWV9Slm8Ei1E1JSqF2V3TjsoJ9QBvLZDpph04mYWZSqGn/iRsXirj1n7jz35imQXwdGPg4517mctyQM6Ut68PIra1vbG7ltws7u3v7B+bhUVsFkSS0RQIeyK6LFeVM0JZmmtNuKCn2XU477uRqmXemVCoWiFs9C6nj45FgHiNYJ9bANOfe4L7Un1ISTxbn87vKwCxaZSsV+gt2BkXI1ByY7/1hQCKfCk04VqpnW6F2Yiw1I5wuCv1I0RCTCR7RXoIC+1Q5cXr5Ap0lzhB5gUye0Ch1v2/E2Fdq5rvJpI/1WP3OluZ/WS/S3oUTMxFGmgqy+siLONIBWtaAhkxSovksAUwkS25FZIwlJjopq5CWUE+FVlCrZlC3v0poV8p2tVy/qRYbl1kdeTiBUyiBDTVowDU0oQUEpvAAT/BsxMaj8WK8rkZzRrZzDD9kvH0CfC2T/A==</latexit>

|fz(~k)|2

<latexit sha1_base64="XKcwZDsnvdqA47FbHsKcXmHAc7k=">AAAB+XicbZBLS8NAFIVv6qvWV9Slm8Ei1E1JSqF2V3TjsoJ9QBvLZDpph04mYWZSqGn/iRsXirj1n7jz35imQXwdGPg4517mctyQM6Ut68PIra1vbG7ltws7u3v7B+bhUVsFkSS0RQIeyK6LFeVM0JZmmtNuKCn2XU477uRqmXemVCoWiFs9C6nj45FgHiNYJ9bANOfe4L7Un1ISTxbn87vKwCxaZSsV+gt2BkXI1ByY7/1hQCKfCk04VqpnW6F2Yiw1I5wuCv1I0RCTCR7RXoIC+1Q5cXr5Ap0lzhB5gUye0Ch1v2/E2Fdq5rvJpI/1WP3OluZ/WS/S3oUTMxFGmgqy+siLONIBWtaAhkxSovksAUwkS25FZIwlJjopq5CWUE+FVlCrZlC3v0poV8p2tVy/qRYbl1kdeTiBUyiBDTVowDU0oQUEpvAAT/BsxMaj8WK8rkZzRrZzDD9kvH0CfC2T/A==</latexit>



Unconventional Superconductors

H =
X

~k,s

⇠~k ĉ
†
~ks
ĉ~ks +

1

2

X

~k,~k0

X

s1,s2,s3,s4

V s1s2s3s4
~k,~k0 ĉ†~ks1

ĉ†
�~ks2

ĉ�~k0s3
ĉ~k0s4

<latexit sha1_base64="ONjdOfgCd629BuPVbBButUFikA8="></latexit>

standard BCS-type of theory

�~kss0 = �
X

~k0

X

s̃,s̃0

V ss0s̃s̃0

~k,~k0 Fs̃0s̃(~k)

<latexit sha1_base64="B5+P1JzZgI2v5PVqDd+sDC9/X0c="></latexit>

mean field 
gap function

Nambu space formulation

Hmf =
1

2

X

~k

Ĉ
†
~k
H~kĈ~k

<latexit sha1_base64="kgLkcgWAw22bx5vd8TD1w9KjpUg="></latexit>

Ĉ~k = (ĉ~k", ĉ~k#, ĉ
†
�~k"

, ĉ†
�~k#

)

<latexit sha1_base64="W+WpPI8PVhCM3DWsPAkzgoXhD78="></latexit>

H~k =

0

@
⇠~k�̂

0 �̂~k

�̂†
~k

�⇠�~k�̂
0

1

A

<latexit sha1_base64="76zvGeFG5D5OfVM/trLD7mwkZRg="></latexit>

electron hole

quasiparticle energies

E~k = ±
q

⇠2~k + |�~k|2

<latexit sha1_base64="prwEpWJa+hr0Vi92jsggSrAMpJo="></latexit>

|�~k|
2 =

1

2
Tr�̂†

~k
�̂~k

<latexit sha1_base64="hh6KEeNFnZeeyihhL71ZqSPUpoA="></latexit>

~k

E
electron-like

electron-like

hole-like

hole-like

kF

2|�~k|

<latexit sha1_base64="MnVjh5DPROlVuio//wwqi+C7G4E=">AAAB/3icbZBLS8NAFIUnPmt9RQU3bgaL4KokpVC7K+rCZQX7gCaEyfSmHTp5MDMplDQL/4obF4q49W+489+YpkF8HRj4OOde5nLciDOpDONDW1ldW9/YLG2Vt3d29/b1g8OuDGNBoUNDHoq+SyRwFkBHMcWhHwkgvsuh506uFnlvCkKyMLhTswhsn4wC5jFKVGY5+nEN4zm2roEr4iTWFGgySdO5o1eMqpEL/wWzgAoq1Hb0d2sY0tiHQFFOpByYRqTshAjFKIe0bMUSIkInZASDDAPig7ST/P4Un2XOEHuhyF6gcO5+30iIL+XMd7NJn6ix/J0tzP+yQay8CzthQRQrCOjyIy/mWIV4UQYeMgFU8VkGhAqW3YrpmAhCVVZZOS+hmQsvoVEvoGl+ldCtVc16tXlbr7QuizpK6ASdonNkogZqoRvURh1E0Rw9oCf0rN1rj9qL9rocXdGKnSP0Q9rbJ5PUlkc=</latexit>



gap function

�̂(~k) = (d0(~k)�̂0 + ~d(~k) · ~̂�)i�̂y

�̂(~k) = ��̂(�~k)T

d0(~k) = d0(�~k) ~d(~k) = �~d(�~k)
even parity 

pairing
odd parity 

pairing

spin singlet spin triplet

�̂ =

 
�"" �"#

�#" �##

!

=

 
�dx + idy d0 + dz

�d0 + dz dx + idy

!

<latexit sha1_base64="T8S/y8wzQvu3qbirDj5lQO+aUEI="></latexit>

00 ~d · ~S = 0 00

<latexit sha1_base64="GPpYqsjS1+69D+QvtdHsfY6b2rE=">AAACDXicbZBNS8MwHMZTX+d8q3r0EpxST6OVwRwiDL14nOheYC0jTdMtLH0hSQej9At48at48aCIV+/e/DZmXRHfHgj88jz5k+RxY0aFNM0PbWFxaXlltbRWXt/Y3NrWd3Y7Iko4Jm0csYj3XCQIoyFpSyoZ6cWcoMBlpOuOL2d5d0K4oFF4K6cxcQI0DKlPMZLKGuiHhgHtM3tCcOpl0MZeJCHMtzcZPDdVBg1joFfMqpkL/gWrgAoo1Bro77YX4SQgocQMCdG3zFg6KeKSYkaysp0IEiM8RkPSVxiigAgnzX+TwSPleNCPuFqhhLn7fSJFgRDTwFUnAyRH4nc2M//L+on0T52UhnEiSYjnF/kJgzKCs2qgRznBkk0VIMypeivEI8QRlqrAcl5CIxecQ71WQMP6KqFzUrVq1cZ1rdK8KOoogX1wAI6BBeqgCa5AC7QBBnfgATyBZ+1ee9RetNf50QWtmNkDP6S9fQJnF5mn</latexit>

Cooper pair spin orientation

excitation gap
|�~k|

2 = |d0(~k)|2

<latexit sha1_base64="Mju31RCiJtWgj5WHyBSQgJAGAfI=">AAACEXicbZBLSwMxFIUzPmt9VV26CRahbspMKdQuhKIuXFawD+jUIZPetqGZB0mmUKb9C278K25cKOLWnTv/jel0EF8HAh/n3EuS44acSWWaH8bS8srq2npmI7u5tb2zm9vbb8ogEhQaNOCBaLtEAmc+NBRTHNqhAOK5HFru6GKet8YgJAv8GzUJoeuRgc/6jBKlLSdXmNqXwBVxYnsMNB7NZtPbEj7DU9xzzELqnWjPyeXNopkI/wUrhTxKVXdy73YvoJEHvqKcSNmxzFB1YyIUoxxmWTuSEBI6IgPoaPSJB7IbJz+a4WPt9HA/EPr4Cifu942YeFJOPFdPekQN5e9sbv6XdSLVP+3GzA8jBT5dXNSPOFYBnteDe0wAVXyigVDB9FsxHRJBqNIlZpMSqonwAirlFKrWVwnNUtEqF6vX5XztPK0jgw7RESogC1VQDV2hOmogiu7QA3pCz8a98Wi8GK+L0SUj3TlAP2S8fQLAHZ1f</latexit>

|�~k|
2 = |~d(~k)|2

<latexit sha1_base64="aVOJLwzbtKVJXZXOTp5xX5O3w8M=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAIFaTMlELtQijqwmUFe4G2lkx62oZmLiSZQpnOS7jxVdy4UMSt4M63MZ0O4u2HwJf/nMNJftvnTCrT/DBSS8srq2vp9czG5tb2TnZ3ryG9QFCoU497omUTCZy5UFdMcWj5Aohjc2ja44t5vTkBIZnn3qipD12HDF02YJQobfWyJ7POJXBFemFnAjQcR9HstojP8AzH936UT/xj7feyObNgxsJ/wUoghxLVetn3Tt+jgQOuopxI2bZMX3VDIhSjHKJMJ5DgEzomQ2hrdIkDshvGv4rwkXb6eOAJfVyFY/f7REgcKaeOrTsdokbyd21u/ldrB2pw2g2Z6wcKXLpYNAg4Vh6eR4T7TABVfKqBUMH0WzEdEUGo0kFm4hAqsfACyqUEKtZXCI1iwSoVKtelXPU8iSONDtAhyiMLlVEVXaEaqiOK7tADekLPxr3xaLwYr4vWlJHM7KMfMt4+Aaarn4o=</latexit>

Unconventional Superconductors



gap function

�̂(~k) = (d0(~k)�̂0 + ~d(~k) · ~̂�)i�̂y

�̂(~k) = ��̂(�~k)T

d0(~k) = d0(�~k) ~d(~k) = �~d(�~k)
even parity 

pairing
odd parity 

pairing

spin singlet spin triplet

chiral p-wave state

nearest-neighbor pairing
odd-parity spin-triplet  

square lattice

⇠~k = �2t(cos kx + cos ky)� µ

<latexit sha1_base64="3PJon7u4lYT3J/FDIXOTx+uqvaY="></latexit>

tight-binding model

~d±(~k) = �0~̂z(sin kx ± i sin ky)

<latexit sha1_base64="MVCi3ktt+3/1UmUGo7hWOTFnM7w="></latexit>

broken time reversal symmetry

degeneracy 2

nodeless gap in general

topological

Chiral superconductor in 2D systems



ky

<latexit sha1_base64="X0UOqDujx2cY9PI44gLWTPW4pKE=">AAAB6nicbZDLSgMxFIbPeK31VnXpJlgEV2VGCrW7ohuXFe0F2qFk0kwbmkmGJCMMQx/BjQtF3PpE7nwb0+kg3n4IfPznHM7JH8ScaeO6H87K6tr6xmZpq7y9s7u3Xzk47GqZKEI7RHKp+gHWlDNBO4YZTvuxojgKOO0Fs6tFvXdPlWZS3Jk0pn6EJ4KFjGBjrdvZKB1Vqm7NzYX+gldAFQq1R5X34ViSJKLCEI61HnhubPwMK8MIp/PyMNE0xmSGJ3RgUeCIaj/LT52jU+uMUSiVfcKg3P0+keFI6zQKbGeEzVT/ri3M/2qDxIQXfsZEnBgqyHJRmHBkJFr8G42ZosTw1AImitlbEZlihYmx6ZTzEJq50BIa9QKa3lcI3fOaV681b+rV1mURRwmO4QTOwIMGtOAa2tABAhN4gCd4drjz6Lw4r8vWFaeYOYIfct4+AabYjnc=</latexit>

kx

<latexit sha1_base64="GzPA3N9i5EVgsar2V9WXIYsrV8E=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmxDH0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzHd4PyxWn6mTCf8HNoQK5WsPy+2AU0SRk0lBBtO67Tmy8lCjDqWDz0iDRLCZ0Ssasb1GSkGkvzU6d4xPrjHAQKfukwZn7fSIlodaz0LedITET/bu2MP+r9RMTnHspl3FimKTLRUEisInw4t94xBWjRswsEKq4vRXTCVGEGptOKQuhkQkvoV7LoeF+hdA5q7q1auO6Vmle5HEU4QiO4RRcqEMTrqAFbaAwhgd4gmck0CN6Qa/L1gLKZw7hh9DbJ6VUjnY=</latexit>

mk

<latexit sha1_base64="nnj9wmjkLOrTGt+1HuVBa7nsw+4=">AAACBHicbZBNS8MwGMfT+TbnW9XjLsEheBqtDOZuQy8eJ7gX2EpJ03QLS9OSpMIoPXjxq3jxoIhXP4Q3v41pV3z/Q+CX//M85MnfixmVyrLejcrK6tr6RnWztrW9s7tn7h8MZJQITPo4YpEYeUgSRjnpK6oYGcWCoNBjZOjNL/L68IYISSN+rRYxcUI05TSgGCltuWZ94kXMD5GapWHmpl+3eZa5ZsNqWoXgX7BLaIBSPdd8m/gRTkLCFWZIyrFtxcpJkVAUM5LVJokkMcJzNCVjjRyFRDpp8YkMHmvHh0Ek9OEKFu73iRSFUi5CT3fmC8rftdz8rzZOVHDmpJTHiSIcLx8KEgZVBPNEoE8FwYotNCAsqN4V4hkSCCudW60IoVMILqHdKqFjf4YwOG3arWbnqtXonpdxVEEdHIETYIM26IJL0AN9gMEtuAeP4Mm4Mx6MZ+Nl2VoxyplD8EPG6weRB5nC</latexit>

Chiral superconductor in 2D systems
chiral p-wave state – topological superconductor
~d±(~k) = �0~̂z(sin kx ± i sin ky)

<latexit sha1_base64="MVCi3ktt+3/1UmUGo7hWOTFnM7w="></latexit>

decoupled Nambu space Hamiltonians

h(~k) =

 
⇠~k dz(~k)

d⇤z(~k) �⇠~k

!
= ~h~k · ~̂⌧

<latexit sha1_base64="I1OCiYGiio6skTqeXvt3H/gWkz0="></latexit>

(ĉ~k", ĉ
†
�~k#

)

<latexit sha1_base64="0FvMT1NjUWunJO9CSkv1IC3DV+s="></latexit>

(ĉ~k#, ĉ
†
�~k"

)

<latexit sha1_base64="/je+CWb/aZc95Ih8hUdTxBAXDoE="></latexit>

and

~h~k = [Im(dz(~k), Re(dz(~k), ⇠~k]

<latexit sha1_base64="McjJivsa+5KYOKQzW7ZG+qVidso="></latexit>

mapping of BZ-torus to sphere

~m~k = ~h~k/|~h~k|

<latexit sha1_base64="hejW6cKvMabA8Kf2G+pnG8AzpLM=">AAACKXicbZBNS8MwHMZTX+d8q3r0EhyCp9nKYO4gDL14nOBeYCslzbItLE1Lkg5G16/jxa/iRUFRr34Rs7bI1D0Q+PE8/z9JHi9kVCrL+jBWVtfWNzYLW8Xtnd29ffPgsCWDSGDSxAELRMdDkjDKSVNRxUgnFAT5HiNtb3wzz9sTIiQN+L2ahsTx0ZDTAcVIacs167A3ITj2EzdOYZwk8CrzRoveOZzBJfas6Jolq2ylgv/BzqEEcjVc86XXD3DkE64wQ1J2bStUToyEopiRpNiLJAkRHqMh6WrkyCfSidOfJvBUO304CIQ+XMHUXdyIkS/l1Pf0pI/USP7N5uayrBupwaUTUx5GinCcXTSIGFQBnNcG+1QQrNhUA8KC6rdCPEICYaXLzUqopYIZVCs51OyfEloXZbtSrt1VSvXrvI4COAYn4AzYoArq4BY0QBNg8ACewCt4Mx6NZ+Pd+MxGV4x85wj8kvH1DQuRqCQ=</latexit>

|~h~k| > 0

<latexit sha1_base64="d592TDa0YwKHqV20r8eA4pbZ5Fo=">AAACBXicbZBNS8MwHMbT+TbnW9WjHoJD8DRaGcxdZOjF4wT3AlspaZZuYWlaknQwai9e/CpePCji1e/gzW9j1hbx7YHAj+f5/0nyeBGjUlnWh1FaWl5ZXSuvVzY2t7Z3zN29rgxjgUkHhywUfQ9JwignHUUVI/1IEBR4jPS86eUi782IkDTkN2oeESdAY059ipHSlmsewlsIhzOCk0nqJhlM01Sb59CquGbVqlmZ4F+wC6iCQm3XfB+OQhwHhCvMkJQD24qUkyChKGYkrQxjSSKEp2hMBho5Coh0kuwXKTzWzgj6odCHK5i53zcSFEg5Dzw9GSA1kb+zhflfNoiVf+YklEexIhznF/kxgyqEi0rgiAqCFZtrQFhQ/VaIJ0ggrHRxeQnNTDCHRr2Apv1VQve0Ztdrzet6tXVR1FEGB+AInAAbNEALXIE26AAM7sADeALPxr3xaLwYr/loySh29sEPGW+fvXuX3Q==</latexit>

Chern number – topological invariant

NC = ⇡

Z

BZ

d2k

(2⇡)2
~m~k ·

⇥
@kx ~m~k ⇥ @ky ~m~k

⇤

<latexit sha1_base64="E+MaYt57ZLkYF1VOYUbJrzwbU2k="></latexit>

integer number of coverings of torus on sphere

("#) + (#")

<latexit sha1_base64="OZbbN7WJuZ8NbovFZGrBR4TvrM8=">AAACFXicbZDLSgMxFIYzXmu9jbp0EyxCi1JmpFC7K7pxWcFeoB1KJs20oZlkSDKWUvoSbnwVNy4UcSu4821Mp6PUyw+BL/85J5ffjxhV2nE+rKXlldW19cxGdnNre2fX3ttvKBFLTOpYMCFbPlKEUU7qmmpGWpEkKPQZafrDy1m9eUukooLf6HFEvBD1OQ0oRtpYXfs034kjJKUYwU5PjHiChZP8wg5+dRS6ds4pOongX3BTyIFUta79bo7BcUi4xgwp1XadSHsTJDXFjEyznViRCOEh6pO2QY5CorxJ8qspPDZODwZCmsU1TNzFiQkKlRqHvukMkR6o37WZ+V+tHevg3JtQHsWacDy/KIgZ1ALOIoI9KgnWbGwAYUnNWyEeIImwNkFmkxAqieAcyqUUKu53CI2zolsqVq5LuepFGkcGHIIjkAcuKIMquAI1UAcY3IEH8ASerXvr0XqxXuetS1Y6cwB+yHr7BJBNn4I=</latexit>

spin configuration

“spinless”



Chiral superconductor in 2D systems
Chern number – simpler method

NC = ⇡

Z

BZ

d2k

(2⇡)2
~m~k ·

⇥
@kx ~m~k ⇥ @ky ~m~k

⇤

<latexit sha1_base64="E+MaYt57ZLkYF1VOYUbJrzwbU2k="></latexit>

~h~k = [Im(dz(~k), Re(dz(~k), ⇠~k]

<latexit sha1_base64="McjJivsa+5KYOKQzW7ZG+qVidso="></latexit>

~m~k = ~h~k/|~h~k|

<latexit sha1_base64="hejW6cKvMabA8Kf2G+pnG8AzpLM=">AAACKXicbZBNS8MwHMZTX+d8q3r0EhyCp9nKYO4gDL14nOBeYCslzbItLE1Lkg5G16/jxa/iRUFRr34Rs7bI1D0Q+PE8/z9JHi9kVCrL+jBWVtfWNzYLW8Xtnd29ffPgsCWDSGDSxAELRMdDkjDKSVNRxUgnFAT5HiNtb3wzz9sTIiQN+L2ahsTx0ZDTAcVIacs167A3ITj2EzdOYZwk8CrzRoveOZzBJfas6Jolq2ylgv/BzqEEcjVc86XXD3DkE64wQ1J2bStUToyEopiRpNiLJAkRHqMh6WrkyCfSidOfJvBUO304CIQ+XMHUXdyIkS/l1Pf0pI/USP7N5uayrBupwaUTUx5GinCcXTSIGFQBnNcG+1QQrNhUA8KC6rdCPEICYaXLzUqopYIZVCs51OyfEloXZbtSrt1VSvXrvI4COAYn4AzYoArq4BY0QBNg8ACewCt4Mx6NZ+Pd+MxGV4x85wj8kvH1DQuRqCQ=</latexit>

kx

ky

+

++

++ -

- -

-

1st BZ
~Kn

<latexit sha1_base64="28TWr6ezcn4R9nUEsbOe8tiHGc0=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8FQSKdTeil4ELxVsLbahbLbTdulmE3Y3hRL6L7x4UMSr/8ab/8Y0CeLXCwsP78wws68XCq6NbX9YhZXVtfWN4mZpa3tnd6+8f9DRQaQYtlkgAtX1qEbBJbYNNwK7oULqewLvvOnlsn43Q6V5IG/NPETXp2PJR5xRk1j3/Rmy+HoxkKVBuWJX7VTkLzg5VCBXa1B+7w8DFvkoDRNU655jh8aNqTKcCVyU+pHGkLIpHWMvQUl91G6cXrwgJ4kzJKNAJU8akrrfJ2Lqaz33vaTTp2aif9eW5n+1XmRG527MZRgZlCxbNIoEMQFZfp8MuUJmxDwByhRPbiVsQhVlJgkpC6GRimRQr+XQcL5C6JxVnVq1cVOrNC/yOIpwBMdwCg7UoQlX0II2MJDwAE/wbGnr0XqxXrPWgpXPHMIPWW+fbeuRLg==</latexit>

Chern number as winding number

NC =
1

2⇡

I

FS
d~k · ~r~k arg[dz(

~k)]

<latexit sha1_base64="8i9bQRfYj5HnUd78eEUCo0w0SJ8="></latexit>

counts windings of enclosed gap zeros

gap zeros
Q = +1

<latexit sha1_base64="0UNg9kosBC9b5mdBfu+fkhleAzo=">AAAB/HicbZDLSsNAGIX/eK31Fu3SzWARBKEkUqhdCEU3LluwF2hDmUym7dDJJMxMhBDqq7hxoYhbH8Sdb2OaBPF2YODj/LfhuCFnSlvWh7Gyura+sVnaKm/v7O7tmweHPRVEktAuCXggBy5WlDNBu5ppTgehpNh3Oe278+tlvX9HpWKBuNVxSB0fTwWbMIJ1ao3NyijbkUjqLVAHXaIzuzw2q1bNyoT+gl1AFQq1x+b7yAtI5FOhCcdKDW0r1E6CpWaE00V5FCkaYjLHUzpMUWCfKifJDi/QSep4aBLI9AmNMvf7RIJ9pWLfTTt9rGfqd21p/lcbRnpy4SRMhJGmguSHJhFHOkDLJJDHJCWaxylgIln6V0RmWGKi07zyEJqZUA6NegFN+yuE3nnNrteanXq1dVXEUYIjOIZTsKEBLbiBNnSBQAwP8ATPxr3xaLwYr3nrilHMVOCHjLdP4MqUBw==</latexit>

Q = �1

<latexit sha1_base64="LM1X/LFkmPbMd/uus0j/UA7Xo3U=">AAAB/XicbZBJS8NAGIYndat1i8vNy2ARvFgSKdQehKIXjy3YBdpQJtMv7dDJwsxEqKH4V7x4UMSr/8Ob/8ZpEsTthYGH99uG1404k8qyPozC0vLK6lpxvbSxubW9Y+7udWQYCwptGvJQ9FwigbMA2oopDr1IAPFdDl13erWod29BSBYGN2oWgeOTccA8RonS1tA8GKQ7EpfHMMctfIFP7dLQLFsVKxX+C3YOZZSrOTTfB6OQxj4EinIiZd+2IuUkRChGOcxLg1hCROiUjKGvMSA+SCdJL8/xsXZG2AuFfoHCqft9IiG+lDPf1Z0+URP5u7Yw/6v1Y+WdOwkLolhBQLNDXsyxCvEiCjxiAqjiMw2ECqb/iumECEKVDiwLoZ4KZ1Cr5lC3v0LonFXsaqXeqpYbl3kcRXSIjtAJslENNdA1aqI2ougOPaAn9GzcG4/Gi/GatRaMfGYf/ZDx9gm2NZSA</latexit>

NC = +1

<latexit sha1_base64="/up0GqgTZHYikw9Z95miojGrxLo=">AAAB8HicbZDLSsNAFIZPvNZ6q7p0M1gEQSiJFGoXQrEbV1LBXqQNZTKdtEMnkzAzEUroU7hxoYhbH8edb+M0CeLth4GP/5zDOfN7EWdK2/aHtbS8srq2Xtgobm5t7+yW9vY7KowloW0S8lD2PKwoZ4K2NdOc9iJJceBx2vWmzUW9e0+lYqG41bOIugEeC+YzgrWx7q6HTXSBTp3isFS2K3Yq9BecHMqQqzUsvQ9GIYkDKjThWKm+Y0faTbDUjHA6Lw5iRSNMpnhM+wYFDqhyk/TgOTo2zgj5oTRPaJS63ycSHCg1CzzTGWA9Ub9rC/O/Wj/W/rmbMBHFmgqSLfJjjnSIFr9HIyYp0XxmABPJzK2ITLDERJuMshDqqVAGtWoOdecrhM5ZxalW6jfVcuMyj6MAh3AEJ+BADRpwBS1oA4EAHuAJni1pPVov1mvWumTlMwfwQ9bbJ2alj0M=</latexit>

properties of gap function

dz(~k) = �0(sin kx + i sin ky)

<latexit sha1_base64="38bDAAWWB0jw+4xnMbn4gn2z5L0="></latexit>

gap zeros in the Brillouin Zone
with winding numbers

dz( ~Kn) = 0

<latexit sha1_base64="YHG86kd976/Aan8/ltYrSEp4iXE=">AAAB+XicbZBLS8NAFIVv6qvWV9Slm8Ei1E1JpFC7EIpuBDcV7APaECaTaTt0Mgkzk0IN/SduXCji1n/izn9jmgbxdWDg45x7mcvxIs6UtqwPo7Cyura+UdwsbW3v7O6Z+wcdFcaS0DYJeSh7HlaUM0HbmmlOe5GkOPA47XqTq0XenVKpWCju9CyiToBHgg0ZwTq1XNP03fvKYEpJcjN3xemF5Zplq2plQn/BzqEMuVqu+T7wQxIHVGjCsVJ924q0k2CpGeF0XhrEikaYTPCI9lMUOKDKSbLL5+gkdXw0DGX6hEaZ+30jwYFSs8BLJwOsx+p3tjD/y/qxHp47CRNRrKkgy4+GMUc6RIsakM8kJZrPUsBEsvRWRMZYYqLTskpZCY1MaAn1Wg4N+6uEzlnVrlUbt7Vy8zKvowhHcAwVsKEOTbiGFrSBwBQe4AmejcR4NF6M1+Vowch3DuGHjLdP0CSTjA==</latexit>

dz( ~Kn + ~q) = �0qe
iQn✓q

<latexit sha1_base64="ddHTitJVm9CrG2+B4pf26yfliac="></latexit>



kx

ky

+

++

++ -

- -

-

Chiral superconductor in 2D systems

Chern number 
NC =

1

2⇡

I

FS
d~k · ~r~k arg[dz(

~k)]

<latexit sha1_base64="8i9bQRfYj5HnUd78eEUCo0w0SJ8="></latexit>

NC = +1

<latexit sha1_base64="/up0GqgTZHYikw9Z95miojGrxLo=">AAAB8HicbZDLSsNAFIZPvNZ6q7p0M1gEQSiJFGoXQrEbV1LBXqQNZTKdtEMnkzAzEUroU7hxoYhbH8edb+M0CeLth4GP/5zDOfN7EWdK2/aHtbS8srq2Xtgobm5t7+yW9vY7KowloW0S8lD2PKwoZ4K2NdOc9iJJceBx2vWmzUW9e0+lYqG41bOIugEeC+YzgrWx7q6HTXSBTp3isFS2K3Yq9BecHMqQqzUsvQ9GIYkDKjThWKm+Y0faTbDUjHA6Lw5iRSNMpnhM+wYFDqhyk/TgOTo2zgj5oTRPaJS63ycSHCg1CzzTGWA9Ub9rC/O/Wj/W/rmbMBHFmgqSLfJjjnSIFr9HIyYp0XxmABPJzK2ITLDERJuMshDqqVAGtWoOdecrhM5ZxalW6jfVcuMyj6MAh3AEJ+BADRpwBS1oA4EAHuAJni1pPVov1mvWumTlMwfwQ9bbJ2alj0M=</latexit>

kx

ky

+

++

++ -

- -

-

kx

ky

+

-

- -

- ++

++

NC = �1

<latexit sha1_base64="cmp0WtqvaBdMmPWWpbsn3GMtK8U=">AAAB8HicbZDLSsNAFIZPvNZ6q7p0M1gEN5ZECrULodiNK6lgL9KGMplO2qGTSZiZCCX0Kdy4UMStj+POt3GaBPH2w8DHf87hnPm9iDOlbfvDWlpeWV1bL2wUN7e2d3ZLe/sdFcaS0DYJeSh7HlaUM0HbmmlOe5GkOPA47XrT5qLevadSsVDc6llE3QCPBfMZwdpYd9fDJrpAp05xWCrbFTsV+gtODmXI1RqW3gejkMQBFZpwrFTfsSPtJlhqRjidFwexohEmUzymfYMCB1S5SXrwHB0bZ4T8UJonNErd7xMJDpSaBZ7pDLCeqN+1hflfrR9r/9xNmIhiTQXJFvkxRzpEi9+jEZOUaD4zgIlk5lZEJlhiok1GWQj1VCiDWjWHuvMVQues4lQr9ZtquXGZx1GAQziCE3CgBg24gha0gUAAD/AEz5a0Hq0X6zVrXbLymQP4IevtE2mxj0U=</latexit>

topological transition

gap closing on FS



Chiral superconductor in 2D systems
example: chiral p-wave from

next-nearest neighbor pairing

square lattice

kx

ky

+

++

++

-

-

-

-

+

+ +

+

1

2

dz(~k) = �0(cos ky sin kx + i cos kx sin ky)

<latexit sha1_base64="ogMg/IIaL7q/DYuHT3l7xA/l5LA="></latexit>

new zeros and
new windings

same 
order parameter 

symmetry

but 

FS 1: NC = +1

<latexit sha1_base64="Ib3oanar7C1mUqObmnluIvV0t6g=">AAAB73icbZDLSsNAFIZP6q3WS6su3QwWQRBKIoXahVDsxpVUsBdoQ5lMJ+3QySTOTIQS+hJuXCji1tdx59s4TYN4+2Hg4z/ncM78XsSZ0rb9YeVWVtfWN/Kbha3tnd1iaW+/o8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11v2lzUu/dUKhaKWz2LqBvgsWA+I1gbq3c9bKILdOoMS2W7YqdCf8HJoAyZWsPS+2AUkjigQhOOleo7dqTdBEvNCKfzwiBWNMJkise0b1DggCo3Se+do2PjjJAfSvOERqn7fSLBgVKzwDOdAdYT9bu2MP+r9WPtn7sJE1GsqSDLRX7MkQ7R4vNoxCQlms8MYCKZuRWRCZaYaBNRIQ2hngotoVbNoO58hdA5qzjVSv2mWm5cZnHk4RCO4AQcqEEDrqAFbSDA4QGe4Nm6sx6tF+t12ZqzspkD+CHr7RMwwo8v</latexit>

NC = +1� 4 = �3

<latexit sha1_base64="r2HkaG+de5JMZdgt6JfvbZsD8tA=">AAAB+nicbZBLS8NAFIUn9VXrK9Wlm8EiCNKSaKB2IRS7cSUV7APaECbTSTt0MgkzE6XU/hQ3LhRx6y9x579xmgbxdWDg45x7mcvxY0alsqwPI7e0vLK6ll8vbGxube+Yxd22jBKBSQtHLBJdH0nCKCctRRUj3VgQFPqMdPxxY553bomQNOI3ahITN0RDTgOKkdKWZxavvAY8h8c2LENHQ/nUM0tWxUoF/4KdQQlkanrme38Q4SQkXGGGpOzZVqzcKRKKYkZmhX4iSYzwGA1JTyNHIZHuND19Bg+1M4BBJPTjCqbu940pCqWchL6eDJEayd/Z3Pwv6yUqOHOnlMeJIhwvPgoSBlUE5z3AARUEKzbRgLCg+laIR0ggrHRbhbSEWiq4gKqTQc3+KqF9UrGdSu3aKdUvsjryYB8cgCNggyqog0vQBC2AwR14AE/g2bg3Ho0X43UxmjOynT3wQ8bbJ05nkTg=</latexit>

FS 2: 

topological transition 
with gap closing



Chiral superconductor in 2D systems

edge states Bogolyubov-de Gennes: Andreev approximation

 
u~kF

(~r)

v~kF
(~r)

!
= b1

 
A+

~kF+

r~kF+A
�
~kF+

!
e+iqxx+i~kF+·~r + b2

 
r⇤~kF�A

�
~kF�

A+
~kF�

!
e�iqxx+i~kF�·~r

<latexit sha1_base64="8qloxalcccX5lyvyf8rX+Bixe1c="></latexit>

 
~~vF · (i~r� ~kF ) dz(~kF )

dz(~kF )⇤ �~~vF · (i~r� ~kF )

! 
u~kF

(~r)

v~kF
(~r)

!
= E

 
u~kF

(~r)

v~kF
(~r)

!

<latexit sha1_base64="yci0k4eJivSVTygYZWznpUcMB3w="></latexit>

electron

hole
Ansatz for bound state

r~kF
=

dz(~kF )⇤

|dz(~kF )|

<latexit sha1_base64="5CIjQDgEieUjmWcidr4jNcdlwnY="></latexit>

r~kF+r
⇤
~kF� =

E +
q

E2 � |dz(~kF )|2

E �
q

E2 � |dz(~kF )|2

<latexit sha1_base64="HXl9u84DtgEteAOLSOEm3xd8FVM="></latexit>

electron
hole

kF+

<latexit sha1_base64="7F9qh+CmKVttqzhHsSBeGBuXh98=">AAAB+nicbZBLS8NAFIUnPmt9pbp0M1gEQSiJFGp3RUFcVrAPaEOYTCbt0MkkzEyUEvNT3LhQxK2/xJ3/xkkaxNeBgY9z72UOx4sZlcqyPoyl5ZXVtfXKRnVza3tn16zt9WWUCEx6OGKRGHpIEkY56SmqGBnGgqDQY2TgzS7y+eCWCEkjfqPmMXFCNOE0oBgpbblmbexFzA+RmqazzE0vTzLXrFsNqxD8C3YJdVCq65rvYz/CSUi4wgxJObKtWDkpEopiRrLqOJEkRniGJmSkkaOQSCctomfwSDs+DCKhH1ewcL9fpCiUch56ejMPKX/PcvO/2ShRwZmTUh4ninC8+ChIGFQRzHuAPhUEKzbXgLCgOivEUyQQVrqtalFCuxBcQKtZQtv+KqF/2rCbjfZ1s945L+uogANwCI6BDVqgA65AF/QABnfgATyBZ+PeeDRejNfF6pJR3uyDHzLePgHH2pTD</latexit>

kF�

<latexit sha1_base64="XUMFB6yndWXhNlBI79mhgw/+p3A=">AAAB+nicbZBLS8NAFIUnPmt9pbp0M1gEN5ZECrW7oiAuK9gHtCFMJpN26GQSZiZKifkpblwo4tZf4s5/4yQN4uvAwMe59zKH48WMSmVZH8bS8srq2nplo7q5tb2za9b2+jJKBCY9HLFIDD0kCaOc9BRVjAxjQVDoMTLwZhf5fHBLhKQRv1HzmDghmnAaUIyUtlyzNvYi5odITdNZ5qaXJ5lr1q2GVQj+BbuEOijVdc33sR/hJCRcYYakHNlWrJwUCUUxI1l1nEgSIzxDEzLSyFFIpJMW0TN4pB0fBpHQjytYuN8vUhRKOQ89vZmHlL9nufnfbJSo4MxJKY8TRThefBQkDKoI5j1AnwqCFZtrQFhQnRXiKRIIK91WtSihXQguoNUsoW1/ldA/bdjNRvu6We+cl3VUwAE4BMfABi3QAVegC3oAgzvwAJ7As3FvPBovxutidckob/bBDxlvn8rklMU=</latexit>

su
rf

ac
e rk

<latexit sha1_base64="ejsKa0HJDhVGuoh9TnUXcmtDBvk=">AAACH3icbVDLSgMxFM34tr6qLt0Ei+CqzEhBuxPduFSwD+gMJZPe1mCSGZM7ShnmO9zq17gTt36MYNoO4utAksM555LLiVMpLPr+uzc3v7C4tLyyWllb39jcqm7vtG2SGQ4tnsjEdGNmQQoNLRQooZsaYCqW0Ilvzyd+5x6MFYm+xnEKkWIjLYaCM3RSZPp5mDLDpARZ9Ks1v+5PQf+SoCQ1UuKyX/0IBwnPFGjkklnbC/wUo5wZFFxCUQkzCynjt2wEPUc1U2CjfLp0QQ+cMqDDxLijkU7V7xM5U9aOVeySiuGN/e1NxP+8XobDkygXOs0QNJ99NMwkxYROGqADYYCjHDvCuBFuV8pvXAccXU+VUMMDT5RiepCHtugFUe5el0uxvHEsgdaCYtZXcwo6I8eNkjSDr77aR/WgUW9eNWqnZ2VzK2SP7JNDEpBjckouyCVpEU7uyCN5Is/es/fivXpvs+icV87skh/w3j8BoDWlXA==</latexit>

r?

<latexit sha1_base64="b4gMsVBm+qGk7WqAhiyqmGGk1SY="></latexit>



Chiral superconductor in 2D systems

edge states

electron
hole

kF+

<latexit sha1_base64="7F9qh+CmKVttqzhHsSBeGBuXh98=">AAAB+nicbZBLS8NAFIUnPmt9pbp0M1gEQSiJFGp3RUFcVrAPaEOYTCbt0MkkzEyUEvNT3LhQxK2/xJ3/xkkaxNeBgY9z72UOx4sZlcqyPoyl5ZXVtfXKRnVza3tn16zt9WWUCEx6OGKRGHpIEkY56SmqGBnGgqDQY2TgzS7y+eCWCEkjfqPmMXFCNOE0oBgpbblmbexFzA+RmqazzE0vTzLXrFsNqxD8C3YJdVCq65rvYz/CSUi4wgxJObKtWDkpEopiRrLqOJEkRniGJmSkkaOQSCctomfwSDs+DCKhH1ewcL9fpCiUch56ejMPKX/PcvO/2ShRwZmTUh4ninC8+ChIGFQRzHuAPhUEKzbXgLCgOivEUyQQVrqtalFCuxBcQKtZQtv+KqF/2rCbjfZ1s945L+uogANwCI6BDVqgA65AF/QABnfgATyBZ+PeeDRejNfF6pJR3uyDHzLePgHH2pTD</latexit>

kF�

<latexit sha1_base64="XUMFB6yndWXhNlBI79mhgw/+p3A=">AAAB+nicbZBLS8NAFIUnPmt9pbp0M1gEN5ZECrW7oiAuK9gHtCFMJpN26GQSZiZKifkpblwo4tZf4s5/4yQN4uvAwMe59zKH48WMSmVZH8bS8srq2nplo7q5tb2za9b2+jJKBCY9HLFIDD0kCaOc9BRVjAxjQVDoMTLwZhf5fHBLhKQRv1HzmDghmnAaUIyUtlyzNvYi5odITdNZ5qaXJ5lr1q2GVQj+BbuEOijVdc33sR/hJCRcYYakHNlWrJwUCUUxI1l1nEgSIzxDEzLSyFFIpJMW0TN4pB0fBpHQjytYuN8vUhRKOQ89vZmHlL9nufnfbJSo4MxJKY8TRThefBQkDKoI5j1AnwqCFZtrQFhQnRXiKRIIK91WtSihXQguoNUsoW1/ldA/bdjNRvu6We+cl3VUwAE4BMfABi3QAVegC3oAgzvwAJ7As3FvPBovxutidckob/bBDxlvn8rklMU=</latexit>

su
rf

ac
e

r~kF
=

dz(~kF )⇤

|dz(~kF )|

<latexit sha1_base64="5CIjQDgEieUjmWcidr4jNcdlwnY="></latexit>

r~kF+r
⇤
~kF� =

E +
q

E2 � |dz(~kF )|2

E �
q

E2 � |dz(~kF )|2

<latexit sha1_base64="HXl9u84DtgEteAOLSOEm3xd8FVM="></latexit>

input 
phase winding

bulk-edge
correspondence

rk

<latexit sha1_base64="ejsKa0HJDhVGuoh9TnUXcmtDBvk=">AAACH3icbVDLSgMxFM34tr6qLt0Ei+CqzEhBuxPduFSwD+gMJZPe1mCSGZM7ShnmO9zq17gTt36MYNoO4utAksM555LLiVMpLPr+uzc3v7C4tLyyWllb39jcqm7vtG2SGQ4tnsjEdGNmQQoNLRQooZsaYCqW0Ilvzyd+5x6MFYm+xnEKkWIjLYaCM3RSZPp5mDLDpARZ9Ks1v+5PQf+SoCQ1UuKyX/0IBwnPFGjkklnbC/wUo5wZFFxCUQkzCynjt2wEPUc1U2CjfLp0QQ+cMqDDxLijkU7V7xM5U9aOVeySiuGN/e1NxP+8XobDkygXOs0QNJ99NMwkxYROGqADYYCjHDvCuBFuV8pvXAccXU+VUMMDT5RiepCHtugFUe5el0uxvHEsgdaCYtZXcwo6I8eNkjSDr77aR/WgUW9eNWqnZ2VzK2SP7JNDEpBjckouyCVpEU7uyCN5Is/es/fivXpvs+icV87skh/w3j8BoDWlXA==</latexit>

r?

<latexit sha1_base64="b4gMsVBm+qGk7WqAhiyqmGGk1SY="></latexit>

kk = r̂k · ~kF

<latexit sha1_base64="dpi9phjJWnH/uLFAChza74mIxAI="></latexit>

E

Ekk

<latexit sha1_base64="wjWR/AUhoDPyEk48Lju/xJYIPgo="></latexit>

+kF

<latexit sha1_base64="tGf4Vxc7ZBzCt0eVE3TJMYI2p3E="></latexit>

�kF

<latexit sha1_base64="1MZVqJF9sth9at9TmRIxD1Ms8NA="></latexit>

continuum

continuum

2�0

<latexit sha1_base64="2eb2ePrhZ2L1fQ36rOVyxQr29D8="></latexit>

Andreev bound states localized at edge

⇠

<latexit sha1_base64="3DcjSKyYfMI5VINEdHAdgD1bPdE=">AAACFnicbVBNT+MwEHX4WuiyUODIxaJC2lOVrCqV3hBcOBZBC1ITIcedFgvbiewJbBXlJ3AFfs3eVly58mcQbhohvp5kz9ObN/L4xakUFn3/2ZubX1hc+rG8Uvu5+mttvb6x2bdJZjj0eCITcx4zC1Jo6KFACeepAaZiCWfx1eG0f3YNxopEn+IkhUixsRYjwRk66ST8Ky7qDb/pl6BfSVCRBqnQvai/hMOEZwo0csmsHQR+ilHODAouoaiFmYWU8Ss2hoGjmimwUV6uWtBdpwzpKDHuaKSl+n4iZ8raiYqdUzG8tJ97U/G73iDD0V6UC51mCJrPHhplkmJCp/+mQ2GAo5w4wrgRblfKL5lhHF06tVDDDU+UYnqYh7YYBFHuqvOlWN04kUAbQVHUysA6JeiMtFsV6QRvgfX/NINWs3PcauwfVNEtk22yQ36TgLTJPjkiXdIjnIzJLbkj996D98/77z3OrHNeNbNFPsB7egWNkKDT</latexit>

NC = +1

<latexit sha1_base64="Ib3oanar7C1mUqObmnluIvV0t6g=">AAAB73icbZDLSsNAFIZP6q3WS6su3QwWQRBKIoXahVDsxpVUsBdoQ5lMJ+3QySTOTIQS+hJuXCji1tdx59s4TYN4+2Hg4z/ncM78XsSZ0rb9YeVWVtfWN/Kbha3tnd1iaW+/o8JYEtomIQ9lz8OKciZoWzPNaS+SFAcep11v2lzUu/dUKhaKWz2LqBvgsWA+I1gbq3c9bKILdOoMS2W7YqdCf8HJoAyZWsPS+2AUkjigQhOOleo7dqTdBEvNCKfzwiBWNMJkise0b1DggCo3Se+do2PjjJAfSvOERqn7fSLBgVKzwDOdAdYT9bu2MP+r9WPtn7sJE1GsqSDLRX7MkQ7R4vNoxCQlms8MYCKZuRWRCZaYaBNRIQ2hngotoVbNoO58hdA5qzjVSv2mWm5cZnHk4RCO4AQcqEEDrqAFbSDA4QGe4Nm6sx6tF+t12ZqzspkD+CHr7RMwwo8v</latexit>

⇠

<latexit sha1_base64="RZ5vBAWz6nrn1yuecK0Y/utJ8VY=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmxDH0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzuOfDcsWpOpnwX3BzqECu1rD8PhhFNAmZNFQQrfuuExsvJcpwKti8NEg0iwmdkjHrW5QkZNpLs1Pn+MQ6IxxEyj5pcOZ+n0hJqPUs9G1nSMxE/64tzP9q/cQE517KZZwYJulyUZAIbCK8+DceccWoETMLhCpub8V0QhShxqZTykJoZMJLqNdyaLhfIXTOqm6t2riuVZoXeRxFOIJjOAUX6tCEK2hBGyiM4QGe4BkJ9Ihe0OuytYDymUP4IfT2CZ27jnE=</latexit>

penetration depth coherence length



Chiral superconductor in 2D systems
bulk-edge correspondence

kx

ky

kk

E

N = +1

kx

ky

kk

E

N = �1
dz(~k) = �0(sin kx + i sin ky)

<latexit sha1_base64="38bDAAWWB0jw+4xnMbn4gn2z5L0="></latexit>



Chiral superconductor in 2D systems
bulk-edge correspondence

kx
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kk

E

N = �1

vQP =
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~
dEkk

dkk

<latexit sha1_base64="LvYka1NKsn7djGjrBsQ0E+DEF4E="></latexit>

quasiparticle 
velocity

sign tied to
chirality

dz(~k) = �0(sin kx + i sin ky)

<latexit sha1_base64="38bDAAWWB0jw+4xnMbn4gn2z5L0="></latexit>



Chiral superconductor in 2D systems
bulk-edge correspondence
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EvQP =
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~
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<latexit sha1_base64="LvYka1NKsn7djGjrBsQ0E+DEF4E="></latexit>

quasiparticle 
velocity

sign and number 
of zero crossing
tied to chirality
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N = +1 N = �3

<latexit sha1_base64="0GvTlPAyftRU+b3FhUvDmX7tX5g="></latexit>

dz(~k) = �0(cos ky sin kx + i cos kx sin ky)

<latexit sha1_base64="ogMg/IIaL7q/DYuHT3l7xA/l5LA="></latexit>



Chiral superconductor in 2D systems
surface currents

electron
hole

kF+

<latexit sha1_base64="7F9qh+CmKVttqzhHsSBeGBuXh98=">AAAB+nicbZBLS8NAFIUnPmt9pbp0M1gEQSiJFGp3RUFcVrAPaEOYTCbt0MkkzEyUEvNT3LhQxK2/xJ3/xkkaxNeBgY9z72UOx4sZlcqyPoyl5ZXVtfXKRnVza3tn16zt9WWUCEx6OGKRGHpIEkY56SmqGBnGgqDQY2TgzS7y+eCWCEkjfqPmMXFCNOE0oBgpbblmbexFzA+RmqazzE0vTzLXrFsNqxD8C3YJdVCq65rvYz/CSUi4wgxJObKtWDkpEopiRrLqOJEkRniGJmSkkaOQSCctomfwSDs+DCKhH1ewcL9fpCiUch56ejMPKX/PcvO/2ShRwZmTUh4ninC8+ChIGFQRzHuAPhUEKzbXgLCgOivEUyQQVrqtalFCuxBcQKtZQtv+KqF/2rCbjfZ1s945L+uogANwCI6BDVqgA65AF/QABnfgATyBZ+PeeDRejNfF6pJR3uyDHzLePgHH2pTD</latexit>

kF�

<latexit sha1_base64="XUMFB6yndWXhNlBI79mhgw/+p3A=">AAAB+nicbZBLS8NAFIUnPmt9pbp0M1gEN5ZECrW7oiAuK9gHtCFMJpN26GQSZiZKifkpblwo4tZf4s5/4yQN4uvAwMe59zKH48WMSmVZH8bS8srq2nplo7q5tb2za9b2+jJKBCY9HLFIDD0kCaOc9BRVjAxjQVDoMTLwZhf5fHBLhKQRv1HzmDghmnAaUIyUtlyzNvYi5odITdNZ5qaXJ5lr1q2GVQj+BbuEOijVdc33sR/hJCRcYYakHNlWrJwUCUUxI1l1nEgSIzxDEzLSyFFIpJMW0TN4pB0fBpHQjytYuN8vUhRKOQ89vZmHlL9nufnfbJSo4MxJKY8TRThefBQkDKoI5j1AnwqCFZtrQFhQnRXiKRIIK91WtSihXQguoNUsoW1/ldA/bdjNRvu6We+cl3VUwAE4BMfABi3QAVegC3oAgzvwAJ7As3FvPBovxutidckob/bBDxlvn8rklMU=</latexit>

su
rf

ac
e rk

<latexit sha1_base64="ejsKa0HJDhVGuoh9TnUXcmtDBvk=">AAACH3icbVDLSgMxFM34tr6qLt0Ei+CqzEhBuxPduFSwD+gMJZPe1mCSGZM7ShnmO9zq17gTt36MYNoO4utAksM555LLiVMpLPr+uzc3v7C4tLyyWllb39jcqm7vtG2SGQ4tnsjEdGNmQQoNLRQooZsaYCqW0Ilvzyd+5x6MFYm+xnEKkWIjLYaCM3RSZPp5mDLDpARZ9Ks1v+5PQf+SoCQ1UuKyX/0IBwnPFGjkklnbC/wUo5wZFFxCUQkzCynjt2wEPUc1U2CjfLp0QQ+cMqDDxLijkU7V7xM5U9aOVeySiuGN/e1NxP+8XobDkygXOs0QNJ99NMwkxYROGqADYYCjHDvCuBFuV8pvXAccXU+VUMMDT5RiepCHtugFUe5el0uxvHEsgdaCYtZXcwo6I8eNkjSDr77aR/WgUW9eNWqnZ2VzK2SP7JNDEpBjckouyCVpEU7uyCN5Is/es/fivXpvs+icV87skh/w3j8BoDWlXA==</latexit>

r?

<latexit sha1_base64="b4gMsVBm+qGk7WqAhiyqmGGk1SY="></latexit>

kk

E

Ekk

<latexit sha1_base64="wjWR/AUhoDPyEk48Lju/xJYIPgo="></latexit>

analog to n=1
Quantum Hall edge state

universal surface current ?



Chiral superconductor in 2D systems
surface currents

electron
hole

kF+

<latexit sha1_base64="7F9qh+CmKVttqzhHsSBeGBuXh98=">AAAB+nicbZBLS8NAFIUnPmt9pbp0M1gEQSiJFGp3RUFcVrAPaEOYTCbt0MkkzEyUEvNT3LhQxK2/xJ3/xkkaxNeBgY9z72UOx4sZlcqyPoyl5ZXVtfXKRnVza3tn16zt9WWUCEx6OGKRGHpIEkY56SmqGBnGgqDQY2TgzS7y+eCWCEkjfqPmMXFCNOE0oBgpbblmbexFzA+RmqazzE0vTzLXrFsNqxD8C3YJdVCq65rvYz/CSUi4wgxJObKtWDkpEopiRrLqOJEkRniGJmSkkaOQSCctomfwSDs+DCKhH1ewcL9fpCiUch56ejMPKX/PcvO/2ShRwZmTUh4ninC8+ChIGFQRzHuAPhUEKzbXgLCgOivEUyQQVrqtalFCuxBcQKtZQtv+KqF/2rCbjfZ1s945L+uogANwCI6BDVqgA65AF/QABnfgATyBZ+PeeDRejNfF6pJR3uyDHzLePgHH2pTD</latexit>

kF�

<latexit sha1_base64="XUMFB6yndWXhNlBI79mhgw/+p3A=">AAAB+nicbZBLS8NAFIUnPmt9pbp0M1gEN5ZECrW7oiAuK9gHtCFMJpN26GQSZiZKifkpblwo4tZf4s5/4yQN4uvAwMe59zKH48WMSmVZH8bS8srq2nplo7q5tb2za9b2+jJKBCY9HLFIDD0kCaOc9BRVjAxjQVDoMTLwZhf5fHBLhKQRv1HzmDghmnAaUIyUtlyzNvYi5odITdNZ5qaXJ5lr1q2GVQj+BbuEOijVdc33sR/hJCRcYYakHNlWrJwUCUUxI1l1nEgSIzxDEzLSyFFIpJMW0TN4pB0fBpHQjytYuN8vUhRKOQ89vZmHlL9nufnfbJSo4MxJKY8TRThefBQkDKoI5j1AnwqCFZtrQFhQnRXiKRIIK91WtSihXQguoNUsoW1/ldA/bdjNRvu6We+cl3VUwAE4BMfABi3QAVegC3oAgzvwAJ7As3FvPBovxutidckob/bBDxlvn8rklMU=</latexit>

su
rf

ac
e rk

<latexit sha1_base64="ejsKa0HJDhVGuoh9TnUXcmtDBvk=">AAACH3icbVDLSgMxFM34tr6qLt0Ei+CqzEhBuxPduFSwD+gMJZPe1mCSGZM7ShnmO9zq17gTt36MYNoO4utAksM555LLiVMpLPr+uzc3v7C4tLyyWllb39jcqm7vtG2SGQ4tnsjEdGNmQQoNLRQooZsaYCqW0Ilvzyd+5x6MFYm+xnEKkWIjLYaCM3RSZPp5mDLDpARZ9Ks1v+5PQf+SoCQ1UuKyX/0IBwnPFGjkklnbC/wUo5wZFFxCUQkzCynjt2wEPUc1U2CjfLp0QQ+cMqDDxLijkU7V7xM5U9aOVeySiuGN/e1NxP+8XobDkygXOs0QNJ99NMwkxYROGqADYYCjHDvCuBFuV8pvXAccXU+VUMMDT5RiepCHtugFUe5el0uxvHEsgdaCYtZXcwo6I8eNkjSDr77aR/WgUW9eNWqnZ2VzK2SP7JNDEpBjckouyCVpEU7uyCN5Is/es/fivXpvs+icV87skh/w3j8BoDWlXA==</latexit>

r?

<latexit sha1_base64="b4gMsVBm+qGk7WqAhiyqmGGk1SY="></latexit>

kk

E

Ekk

<latexit sha1_base64="wjWR/AUhoDPyEk48Lju/xJYIPgo="></latexit>

focus on edge states
but also continuum 
contributes to current

Jk(x) = �2e

L

X

kk=~kF ·r̂k

vFk

h
|u~kF

(x)|2f(Ekk)� |v~kF
(x)|2f(�Ekk)

i

= �2e

L

X

kk

vFk

h
|u~kF

(x)|2 + |v~kF
(x)|2

i
f(Ekk)

<latexit sha1_base64="dp28udR1cCxa3Fd/aaGnVzFdNJM="></latexit>

net electric current parallel to surface
electron hole

material specific 
Fermi velocity

surface current is non-universal



Chiral superconductor in 2D systems
surface currents
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E

Ekk

<latexit sha1_base64="wjWR/AUhoDPyEk48Lju/xJYIPgo="></latexit>

focus on edge states
but also continuum 
contributes to current

Jk(x) = �2e

L

X

kk=~kF ·r̂k

vFk

h
|u~kF

(x)|2f(Ekk)� |v~kF
(x)|2f(�Ekk)

i
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L

X

kk

vFk

h
|u~kF

(x)|2 + |v~kF
(x)|2

i
f(Ekk)

<latexit sha1_base64="dp28udR1cCxa3Fd/aaGnVzFdNJM="></latexit>

net electric current parallel to surface
electron hole

material specific 
Fermi velocity

⇠

<latexit sha1_base64="RZ5vBAWz6nrn1yuecK0Y/utJ8VY=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmxDH0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzuOfDcsWpOpnwX3BzqECu1rD8PhhFNAmZNFQQrfuuExsvJcpwKti8NEg0iwmdkjHrW5QkZNpLs1Pn+MQ6IxxEyj5pcOZ+n0hJqPUs9G1nSMxE/64tzP9q/cQE517KZZwYJulyUZAIbCK8+DceccWoETMLhCpub8V0QhShxqZTykJoZMJLqNdyaLhfIXTOqm6t2riuVZoXeRxFOIJjOAUX6tCEK2hBGyiM4QGe4BkJ9Ihe0OuytYDymUP4IfT2CZ27jnE=</latexit>

�

<latexit sha1_base64="DGBLsLehxxkFJBHIlB6YkMEb2rs=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoXZXdOOygn1AO5RMJtOGZjIhyQhl6Ee4caGIW7/HnX9jOh3E14HA4ZxzuTcnkJxp47ofTmltfWNzq7xd2dnd2z+oHh71dJIqQrsk4YkaBFhTzgTtGmY4HUhFcRxw2g9m10u/f0+VZom4M3NJ/RhPBIsYwcZK/RG30RCPqzW37uZAf4lXkBoU6Iyr76MwIWlMhSEcaz30XGn8DCvDCKeLyijVVGIywxM6tFTgmGo/y89doDOrhChKlH3CoFz9PpHhWOt5HNhkjM1U//aW4n/eMDXRpZ8xIVNDBVktilKOTIKWf0chU5QYPrcEE8XsrYhMscLE2IYqeQmtHGhFmo2CtLyvEnoXda9Rb902au2roo4ynMApnIMHTWjDDXSgCwRm8ABP8OxI59F5cV5X0ZJTzBzDDzhvn36bkBk=</latexit>

Bz

<latexit sha1_base64="+jQ3hyjB7eTpZsy5vOpNhnN27Jc=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuSt24rGhroR1KJs20oZnMkGSEOvQR3LhQxK1P5M63MZ0O4u2HwMd/zuGc/H4suDaO84EKK6tr6xvFzdLW9s7uXnn/oKujRFHWoZGIVM8nmgkuWcdwI1gvVoyEvmC3/vRiUb+9Y0rzSN6YWcy8kIwlDzglxlrXreH9sFxxqk4m/BfcHCqQqz0svw9GEU1CJg0VROu+68TGS4kynAo2Lw0SzWJCp2TM+hYlCZn20uzUOT6xzggHkbJPGpy53ydSEmo9C33bGRIz0b9rC/O/Wj8xwbmXchknhkm6XBQkApsIL/6NR1wxasTMAqGK21sxnRBFqLHplLIQGpnwEuq1HBruVwjds6pbqzauapVmK4+jCEdwDKfgQh2acAlt6ACFMTzAEzwjgR7RC3pdthZQPnMIP4TePgFp5o5P</latexit>

0

ar
b.

 u
ni

ts

Meissner screening

surface current is non-universalmagnitude depends on
material/sample parameters



Chiral superconductor in 2D systems
surface heat currents
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E

Ekk

<latexit sha1_base64="wjWR/AUhoDPyEk48Lju/xJYIPgo="></latexit>

heat current density
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k (x) =
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(x)|2 + |v~kF
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i
f(Ekk)

<latexit sha1_base64="jfWymTrCeSEfgcYlyX1KAYKfuNk="></latexit>

1

~
dEkk

dkk

<latexit sha1_base64="Lddfq/3qqdcK5scSYz+pYl+aY9A="></latexit>

total heat current along surface 

I(Q)(T ) =

Z
dkk
2⇡

Ekkvkkf(Ekk)

<latexit sha1_base64="MvXtKYgp4gY4ZP0IQSlZNWFdc6E="></latexit>

quasiparticle
velocity

limit T ⌧ Tc

<latexit sha1_base64="BXOzVV0ohUCJc4WJk32ZmZfWMTQ="></latexit>

Sommerfeld expansion

I(Q)(T ) =

Z
dkk
2⇡

vkk

(
Ekk⇥(�Ekk)� kBT

�2E2
kk

4 cosh2(�Ekk/2)
+ · · ·

)

<latexit sha1_base64="UMRT7h7uy2f/Ixcf6TWo9yQyMJs="></latexit>



Chiral superconductor in 2D systems
surface heat currents
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E

Ekk

<latexit sha1_base64="wjWR/AUhoDPyEk48Lju/xJYIPgo="></latexit>

heat current density

J (Q)
k (x) =
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kk

Ekkvkk

h
|u~kF
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i
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<latexit sha1_base64="jfWymTrCeSEfgcYlyX1KAYKfuNk="></latexit>

1

~
dEkk

dkk

<latexit sha1_base64="Lddfq/3qqdcK5scSYz+pYl+aY9A="></latexit>

total heat current along surface 

I(Q)(T ) =

Z
dkk
2⇡

Ekkvkkf(Ekk)

<latexit sha1_base64="MvXtKYgp4gY4ZP0IQSlZNWFdc6E="></latexit>

quasiparticle
velocity

limit T ⌧ Tc

<latexit sha1_base64="BXOzVV0ohUCJc4WJk32ZmZfWMTQ="></latexit>

I
(Q)(T ) = I

(Q)
0 � ⇡

6

(kBT )2

~ +O(T 4)

<latexit sha1_base64="z0EOifzvIo85P8ggqk7QRzpvcS8="></latexit>

Sommerfeld expansion

contribution by edge state
zero-energy quasiparticles



Chiral superconductor in 2D systems
thermal Hall bar

1

2

I(Q)
tot

<latexit sha1_base64="AYpdvH00HCQGZreQfzYciHYy8ak=">AAAB9HicbZBLSwMxFIUzPmt9VV26CRahbsqMFGp3RTe6a8E+oB1LJs20oZlkTO4UytDf4caFIm79Me78N06ng/g6EPg4515yOV4ouAHb/rBWVtfWNzZzW/ntnd29/cLBYduoSFPWokoo3fWIYYJL1gIOgnVDzUjgCdbxJleLvDNl2nAlb2EWMjcgI8l9TgkklnsziEHB/C4uNc/mg0LRLtup8F9wMiiiTI1B4b0/VDQKmAQqiDE9xw7BjYkGTgWb5/uRYSGhEzJivQQlCZhx4/ToOT5NnCH2lU6eBJy63zdiEhgzC7xkMiAwNr+zhflf1ovAv3BjLsMImKTLj/xIYFB40QAecs0oiFkChGqe3IrpmGhCIekpn5ZQS4WXUK1kUHO+Smifl51KudasFOuXWR05dIxOUAk5qIrq6Bo1UAtRdI8e0BN6tqbWo/VivS5HV6xs5wj9kPX2Cccgkoc=</latexit>

x

<latexit sha1_base64="No5CBMrfDJjK6piKyuG06ij96Nk=">AAAB6HicbZDJSgNBEIZrXGPcoh69NAbBU5iRQMwt6MVjAmaBZAg9nZqkTc9Cd48YhjyBFw+KePWRvPk2diaDuP3Q8PFXFVX9e7HgStv2h7Wyura+sVnYKm7v7O7tlw4OOypKJMM2i0Qkex5VKHiIbc21wF4skQaewK43vVrUu3coFY/CGz2L0Q3oOOQ+Z1Qbq3U/LJXtip2J/AUnhzLkag5L74NRxJIAQ80EVarv2LF2Uyo1ZwLnxUGiMKZsSsfYNxjSAJWbZofOyalxRsSPpHmhJpn7fSKlgVKzwDOdAdUT9bu2MP+r9RPtX7gpD+NEY8iWi/xEEB2Rxa/JiEtkWswMUCa5uZWwCZWUaZNNMQuhnoksoVbNoe58hdA5rzjVSr1VLTcu8zgKcAwncAYO1KAB19CENjBAeIAneLZurUfrxXpdtq5Y+cwR/JD19gkoHo2Y</latexit>

y

<latexit sha1_base64="fHa/YutFmICtuHZdVgLMtnBXTa8=">AAAB6HicbZDJSgNBEIZr4hbjFvXopTEInsKMBGJuQS8eEzALJEPo6dQkbXoWunuEMOQJvHhQxKuP5M23sTMZxO2Hho+/qqjq34sFV9q2P6zC2vrG5lZxu7Szu7d/UD486qookQw7LBKR7HtUoeAhdjTXAvuxRBp4Anve7HpZ792jVDwKb/U8Rjegk5D7nFFtrPZ8VK7YVTsT+QtODhXI1RqV34fjiCUBhpoJqtTAsWPtplRqzgQuSsNEYUzZjE5wYDCkASo3zQ5dkDPjjIkfSfNCTTL3+0RKA6XmgWc6A6qn6ndtaf5XGyTav3RTHsaJxpCtFvmJIDoiy1+TMZfItJgboExycythUyop0yabUhZCIxNZQb2WQ8P5CqF7UXVq1Ua7Vmle5XEU4QRO4RwcqEMTbqAFHWCA8ABP8GzdWY/Wi/W6ai1Y+cwx/JD19gkpoo2Z</latexit>

T1 = T ��T/2

<latexit sha1_base64="HgGvWV+JWqgmp94QdvbYr8PwOw8=">AAAB/HicbZBLS8NAFIUn9VXrK9qlm8EiuLEmpVC7EIq6cFkhfUAbwmQ6aYdOJmFmIpRQ/4obF4q49Ye48984TYP4OjDwcc69zOX4MaNSWdaHUVhZXVvfKG6WtrZ3dvfM/YOujBKBSQdHLBJ9H0nCKCcdRRUj/VgQFPqM9Pzp1SLv3REhacQdNYuJG6IxpwHFSGnLM8uOZ8ML6MDT4TVhCkHnrOaZFatqZYJ/wc6hAnK1PfN9OIpwEhKuMENSDmwrVm6KhKKYkXlpmEgSIzxFYzLQyFFIpJtmx8/hsXZGMIiEflzBzP2+kaJQylno68kQqYn8nS3M/7JBooJzN6U8ThThePlRkDCoIrhoAo6oIFixmQaEBdW3QjxBAmGl+yplJTQzwSU06jk07a8SurWqXa82b+uV1mVeRxEcgiNwAmzQAC1wA9qgAzCYgQfwBJ6Ne+PReDFel6MFI98pgx8y3j4BcQiTIg==</latexit>

T2 = T +�T/2

<latexit sha1_base64="1C8ko39wG3f/7vHU+gYEJ6Q/Pt4=">AAAB/HicbZBLS8NAFIUn9VXrK9qlm8EiCEJNSqF2IRR14bJC+oA2hMl00g6dTMLMRCih/hU3LhRx6w9x579xmgbxdWDg45x7mcvxY0alsqwPo7Cyura+UdwsbW3v7O6Z+wddGSUCkw6OWCT6PpKEUU46iipG+rEgKPQZ6fnTq0XeuyNC0og7ahYTN0RjTgOKkdKWZ5YdrwYvoANPh9eEKQSds5pnVqyqlQn+BTuHCsjV9sz34SjCSUi4wgxJObCtWLkpEopiRualYSJJjPAUjclAI0chkW6aHT+Hx9oZwSAS+nEFM/f7RopCKWehrydDpCbyd7Yw/8sGiQrO3ZTyOFGE4+VHQcKgiuCiCTiigmDFZhoQFlTfCvEECYSV7quUldDMBJfQqOfQtL9K6Naqdr3avK1XWpd5HUVwCI7ACbBBA7TADWiDDsBgBh7AE3g27o1H48V4XY4WjHynDH7IePsEb4CTIQ==</latexit>

I(Q)
tot = I(Q)

1 + I(Q)
2 =

⇡

6

k2B
~ (T 2

2 � T 2
1 )

= �⇡

6

k2BT

~ �T = yx�T

<latexit sha1_base64="WLmMGQ0UwpJ5QPQkWTKebg6TEL0="></latexit>

I(Q)
1 = I(Q)

0 � ⇡

6

k2BT
2
1

~

<latexit sha1_base64="CTwxNi7LgKKHLTRt1aq+40PhA5Q="></latexit>

I(Q)
2 = �I(Q)

0 +
⇡

6

k2BT
2
2

~

<latexit sha1_base64="2zuT57UMLfmy2OqyDtUlRcO9ZV8="></latexit>

Rigghi-Leduc effect

xy = �yx =
⇡

6

k2BT

~ NC

<latexit sha1_base64="hGD6pdCtHm8UxY7fwx1yiKA+2Lc="></latexit>

universal thermal Hall effect 



Chiral superconductor in 2D systems
universal vs non-universal
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Chiral superconductor in 2D systems
universal vs non-universal
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<latexit sha1_base64="sEE9S0R4yKw/tDxSwsGoKph7hR8="></latexit>

Lifshitz transiton

electron-like hole-like



Chiral superconductor in 3D systems

dz(~k) = �0(sin kx + i sin ky)

<latexit sha1_base64="38bDAAWWB0jw+4xnMbn4gn2z5L0="></latexit>

chiral p-wave

kx

<latexit sha1_base64="GzPA3N9i5EVgsar2V9WXIYsrV8E=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmxDH0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzHd4PyxWn6mTCf8HNoQK5WsPy+2AU0SRk0lBBtO67Tmy8lCjDqWDz0iDRLCZ0Ssasb1GSkGkvzU6d4xPrjHAQKfukwZn7fSIlodaz0LedITET/bu2MP+r9RMTnHspl3FimKTLRUEisInw4t94xBWjRswsEKq4vRXTCVGEGptOKQuhkQkvoV7LoeF+hdA5q7q1auO6Vmle5HEU4QiO4RRcqEMTrqAFbaAwhgd4gmck0CN6Qa/L1gLKZw7hh9DbJ6VUjnY=</latexit>

ky

<latexit sha1_base64="X0UOqDujx2cY9PI44gLWTPW4pKE=">AAAB6nicbZDLSgMxFIbPeK31VnXpJlgEV2VGCrW7ohuXFe0F2qFk0kwbmkmGJCMMQx/BjQtF3PpE7nwb0+kg3n4IfPznHM7JH8ScaeO6H87K6tr6xmZpq7y9s7u3Xzk47GqZKEI7RHKp+gHWlDNBO4YZTvuxojgKOO0Fs6tFvXdPlWZS3Jk0pn6EJ4KFjGBjrdvZKB1Vqm7NzYX+gldAFQq1R5X34ViSJKLCEI61HnhubPwMK8MIp/PyMNE0xmSGJ3RgUeCIaj/LT52jU+uMUSiVfcKg3P0+keFI6zQKbGeEzVT/ri3M/2qDxIQXfsZEnBgqyHJRmHBkJFr8G42ZosTw1AImitlbEZlihYmx6ZTzEJq50BIa9QKa3lcI3fOaV681b+rV1mURRwmO4QTOwIMGtOAa2tABAhN4gCd4drjz6Lw4r8vWFaeYOYIfct4+AabYjnc=</latexit>

kz

<latexit sha1_base64="3Hu3+9MeXP/9YU5HNHxQcZkV7zE=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmhDn0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzHd4PyxWn6mTCf8HNoQK5WsPy+2AU0SRk0lBBtO67Tmy8lCjDqWDz0iDRLCZ0Ssasb1GSkGkvzU6d4xPrjHAQKfukwZn7fSIlodaz0LedITET/bu2MP+r9RMTnHspl3FimKTLRUEisInw4t94xBWjRswsEKq4vRXTCVGEGptOKQuhkQkvoV7LoeF+hdA5q7q1auO6Vmle5HEU4QiO4RRcqEMTrqAFbaAwhgd4gmck0CN6Qa/L1gLKZw7hh9DbJ6hcjng=</latexit>

+

kx

<latexit sha1_base64="GzPA3N9i5EVgsar2V9WXIYsrV8E=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmxDH0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzHd4PyxWn6mTCf8HNoQK5WsPy+2AU0SRk0lBBtO67Tmy8lCjDqWDz0iDRLCZ0Ssasb1GSkGkvzU6d4xPrjHAQKfukwZn7fSIlodaz0LedITET/bu2MP+r9RMTnHspl3FimKTLRUEisInw4t94xBWjRswsEKq4vRXTCVGEGptOKQuhkQkvoV7LoeF+hdA5q7q1auO6Vmle5HEU4QiO4RRcqEMTrqAFbaAwhgd4gmck0CN6Qa/L1gLKZw7hh9DbJ6VUjnY=</latexit>

ky

<latexit sha1_base64="X0UOqDujx2cY9PI44gLWTPW4pKE=">AAAB6nicbZDLSgMxFIbPeK31VnXpJlgEV2VGCrW7ohuXFe0F2qFk0kwbmkmGJCMMQx/BjQtF3PpE7nwb0+kg3n4IfPznHM7JH8ScaeO6H87K6tr6xmZpq7y9s7u3Xzk47GqZKEI7RHKp+gHWlDNBO4YZTvuxojgKOO0Fs6tFvXdPlWZS3Jk0pn6EJ4KFjGBjrdvZKB1Vqm7NzYX+gldAFQq1R5X34ViSJKLCEI61HnhubPwMK8MIp/PyMNE0xmSGJ3RgUeCIaj/LT52jU+uMUSiVfcKg3P0+keFI6zQKbGeEzVT/ri3M/2qDxIQXfsZEnBgqyHJRmHBkJFr8G42ZosTw1AImitlbEZlihYmx6ZTzEJq50BIa9QKa3lcI3fOaV681b+rV1mURRwmO4QTOwIMGtOAa2tABAhN4gCd4drjz6Lw4r8vWFaeYOYIfct4+AabYjnc=</latexit>

kz

<latexit sha1_base64="3Hu3+9MeXP/9YU5HNHxQcZkV7zE=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmhDn0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzHd4PyxWn6mTCf8HNoQK5WsPy+2AU0SRk0lBBtO67Tmy8lCjDqWDz0iDRLCZ0Ssasb1GSkGkvzU6d4xPrjHAQKfukwZn7fSIlodaz0LedITET/bu2MP+r9RMTnHspl3FimKTLRUEisInw4t94xBWjRswsEKq4vRXTCVGEGptOKQuhkQkvoV7LoeF+hdA5q7q1auO6Vmle5HEU4QiO4RRcqEMTrqAFbaAwhgd4gmck0CN6Qa/L1gLKZw7hh9DbJ6hcjng=</latexit>

+

+
⇡

a

<latexit sha1_base64="/kInxXSNndljItRc37GjFk8ZxWc=">AAAB9XicbZBLS8NAFIVvfNb6qrp0M1gEQSiJFGp3RTcuK9gHNLFMppN26GQSZiZKCfkfblwo4tb/4s5/4zQN4uvAwOGce5nL58ecKW3bH9bS8srq2nppo7y5tb2zW9nb76ookYR2SMQj2fexopwJ2tFMc9qPJcWhz2nPn17O+94dlYpF4kbPYuqFeCxYwAjWJro9dQOJSerGLEtxNqxU7ZqdC/01TmGqUKg9rLy7o4gkIRWacKzUwLFj7aVYakY4zcpuomiMyRSP6cBYgUOqvDS/OkPHJhmhIJLmCY3y9PtGikOlZqFvJkOsJ+p3Nw//6waJDs69lIk40VSQxUdBwpGO0BwBGjFJieYzYzCRzNyKyAQbDtqAKucQmrnQwjTqhWk6XxC6ZzWnXmte16utiwJHCQ7hCE7AgQa04Ara0AECEh7gCZ6te+vRerFeF6NLVrFzAD9kvX0CCSWTSw==</latexit>

�⇡

a

<latexit sha1_base64="sXnlxs2SJPY7etpH9XxJwmE+5B8=">AAAB9XicbZBLS8NAFIVvfNb6qrp0M1gEN5ZECrW7ohuXFewDmlgm00k7dDIJMxOlhPwPNy4Ucet/cee/cZoG8XVg4HDOvczl82POlLbtD2tpeWV1bb20Ud7c2t7Zreztd1WUSEI7JOKR7PtYUc4E7WimOe3HkuLQ57TnTy/nfe+OSsUicaNnMfVCPBYsYARrE92euoHEJHVjlqU4G1aqds3Ohf4apzBVKNQeVt7dUUSSkApNOFZq4Nix9lIsNSOcZmU3UTTGZIrHdGCswCFVXppfnaFjk4xQEEnzhEZ5+n0jxaFSs9A3kyHWE/W7m4f/dYNEB+deykScaCrI4qMg4UhHaI4AjZikRPOZMZhIZm5FZIINB21AlXMIzVxoYRr1wjSdLwjds5pTrzWv69XWRYGjBIdwBCfgQANacAVt6AABCQ/wBM/WvfVovVivi9Elq9g5gB+y3j4BDEeTTQ==</latexit>

kz

<latexit sha1_base64="3Hu3+9MeXP/9YU5HNHxQcZkV7zE=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmhDn0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzHd4PyxWn6mTCf8HNoQK5WsPy+2AU0SRk0lBBtO67Tmy8lCjDqWDz0iDRLCZ0Ssasb1GSkGkvzU6d4xPrjHAQKfukwZn7fSIlodaz0LedITET/bu2MP+r9RMTnHspl3FimKTLRUEisInw4t94xBWjRswsEKq4vRXTCVGEGptOKQuhkQkvoV7LoeF+hdA5q7q1auO6Vmle5HEU4QiO4RRcqEMTrqAFbaAwhgd4gmck0CN6Qa/L1gLKZw7hh9DbJ6hcjng=</latexit>

C(kz)

<latexit sha1_base64="s+Q+bXxeYs1XoDOPkj7ZHdmfRdM=">AAAB7XicbZDLSgMxFIbPeK31VnXpJliEuikzUqjdFbtxWcFeoB1KJk3b2EwyJBmhDn0HNy4Ucev7uPNtTKeDePsh8PGfczgnfxBxpo3rfjgrq2vrG5u5rfz2zu7efuHgsK1lrAhtEcml6gZYU84EbRlmOO1GiuIw4LQTTBuLeueOKs2kuDGziPohHgs2YgQba7Ubpeng/mxQKLplNxX6C14GRcjUHBTe+0NJ4pAKQzjWuue5kfETrAwjnM7z/VjTCJMpHtOeRYFDqv0kvXaOTq0zRCOp7BMGpe73iQSHWs/CwHaG2Ez079rC/K/Wi83owk+YiGJDBVkuGsUcGYkWX0dDpigxfGYBE8XsrYhMsMLE2IDyaQi1VGgJ1UoGNe8rhPZ52auUa9eVYv0yiyMHx3ACJfCgCnW4gia0gMAtPMATPDvSeXRenNdl64qTzRzBDzlvn/qsjyo=</latexit>

+
⇡

a

<latexit sha1_base64="/kInxXSNndljItRc37GjFk8ZxWc=">AAAB9XicbZBLS8NAFIVvfNb6qrp0M1gEQSiJFGp3RTcuK9gHNLFMppN26GQSZiZKCfkfblwo4tb/4s5/4zQN4uvAwOGce5nL58ecKW3bH9bS8srq2nppo7y5tb2zW9nb76ookYR2SMQj2fexopwJ2tFMc9qPJcWhz2nPn17O+94dlYpF4kbPYuqFeCxYwAjWJro9dQOJSerGLEtxNqxU7ZqdC/01TmGqUKg9rLy7o4gkIRWacKzUwLFj7aVYakY4zcpuomiMyRSP6cBYgUOqvDS/OkPHJhmhIJLmCY3y9PtGikOlZqFvJkOsJ+p3Nw//6waJDs69lIk40VSQxUdBwpGO0BwBGjFJieYzYzCRzNyKyAQbDtqAKucQmrnQwjTqhWk6XxC6ZzWnXmte16utiwJHCQ7hCE7AgQa04Ara0AECEh7gCZ6te+vRerFeF6NLVrFzAD9kvX0CCSWTSw==</latexit>

�⇡

a

<latexit sha1_base64="sXnlxs2SJPY7etpH9XxJwmE+5B8=">AAAB9XicbZBLS8NAFIVvfNb6qrp0M1gEN5ZECrW7ohuXFewDmlgm00k7dDIJMxOlhPwPNy4Ucet/cee/cZoG8XVg4HDOvczl82POlLbtD2tpeWV1bb20Ud7c2t7Zreztd1WUSEI7JOKR7PtYUc4E7WimOe3HkuLQ57TnTy/nfe+OSsUicaNnMfVCPBYsYARrE92euoHEJHVjlqU4G1aqds3Ohf4apzBVKNQeVt7dUUSSkApNOFZq4Nix9lIsNSOcZmU3UTTGZIrHdGCswCFVXppfnaFjk4xQEEnzhEZ5+n0jxaFSs9A3kyHWE/W7m4f/dYNEB+deykScaCrI4qMg4UhHaI4AjZikRPOZMZhIZm5FZIINB21AlXMIzVxoYRr1wjSdLwjds5pTrzWv69XWRYGjBIdwBCfgQANacAVt6AABCQ/wBM/WvfVovVivi9Elq9g5gB+y3j4BDEeTTQ==</latexit>

kz

<latexit sha1_base64="3Hu3+9MeXP/9YU5HNHxQcZkV7zE=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmhDn0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzHd4PyxWn6mTCf8HNoQK5WsPy+2AU0SRk0lBBtO67Tmy8lCjDqWDz0iDRLCZ0Ssasb1GSkGkvzU6d4xPrjHAQKfukwZn7fSIlodaz0LedITET/bu2MP+r9RMTnHspl3FimKTLRUEisInw4t94xBWjRswsEKq4vRXTCVGEGptOKQuhkQkvoV7LoeF+hdA5q7q1auO6Vmle5HEU4QiO4RRcqEMTrqAFbaAwhgd4gmck0CN6Qa/L1gLKZw7hh9DbJ6hcjng=</latexit>

C(kz)

<latexit sha1_base64="s+Q+bXxeYs1XoDOPkj7ZHdmfRdM=">AAAB7XicbZDLSgMxFIbPeK31VnXpJliEuikzUqjdFbtxWcFeoB1KJk3b2EwyJBmhDn0HNy4Ucev7uPNtTKeDePsh8PGfczgnfxBxpo3rfjgrq2vrG5u5rfz2zu7efuHgsK1lrAhtEcml6gZYU84EbRlmOO1GiuIw4LQTTBuLeueOKs2kuDGziPohHgs2YgQba7Ubpeng/mxQKLplNxX6C14GRcjUHBTe+0NJ4pAKQzjWuue5kfETrAwjnM7z/VjTCJMpHtOeRYFDqv0kvXaOTq0zRCOp7BMGpe73iQSHWs/CwHaG2Ez079rC/K/Wi83owk+YiGJDBVkuGsUcGYkWX0dDpigxfGYBE8XsrYhMsMLE2IDyaQi1VGgJ1UoGNe8rhPZ52auUa9eVYv0yiyMHx3ACJfCgCnW4gia0gMAtPMATPDvSeXRenNdl64qTzRzBDzlvn/qsjyo=</latexit>

+kFz

<latexit sha1_base64="v4ZArQz18xOQclveo2F/dKvr59M=">AAAB7nicbZDLSsNAFIZP6q3WS6su3QwWQRBKIoXaXVEQlxXsBdpQJtNJO2QyCTMToYY+hBsXirj1edz5Nk7TIN5+GPj4zzmcM78Xc6a0bX9YhZXVtfWN4mZpa3tnt1zZ2++qKJGEdkjEI9n3sKKcCdrRTHPajyXFocdpzwsuF/XeHZWKReJWz2LqhngimM8I1sbqnQaj9Op+PqpU7ZqdCf0FJ4cq5GqPKu/DcUSSkApNOFZq4NixdlMsNSOczkvDRNEYkwBP6MCgwCFVbpqdO0fHxhkjP5LmCY0y9/tEikOlZqFnOkOsp+p3bWH+Vxsk2j93UybiRFNBlov8hCMdocXf0ZhJSjSfGcBEMnMrIlMsMdEmoVIWQjMTWkKjnkPT+Qqhe1Zz6rXmTb3ausjjKMIhHMEJONCAFlxDGzpAIIAHeIJnK7YerRfrddlasPKZA/gh6+0TZTCQCQ==</latexit>

�kFz

<latexit sha1_base64="7aXeqlGsVozUjoyZLlfGa9scqQ0=">AAAB7nicbZDLSsNAFIZP6q3WS6su3QwWwY0lkULtriiIywr2Am0ok+mkHTKZhJmJUEMfwo0LRdz6PO58G6dpEG8/DHz85xzOmd+LOVPatj+swsrq2vpGcbO0tb2zW67s7XdVlEhCOyTikex7WFHOBO1opjntx5Li0OO05wWXi3rvjkrFInGrZzF1QzwRzGcEa2P1ToNRenU/H1Wqds3OhP6Ck0MVcrVHlffhOCJJSIUmHCs1cOxYuymWmhFO56VhomiMSYAndGBQ4JAqN83OnaNj44yRH0nzhEaZ+30ixaFSs9AznSHWU/W7tjD/qw0S7Z+7KRNxoqkgy0V+wpGO0OLvaMwkJZrPDGAimbkVkSmWmGiTUCkLoZkJLaFRz6HpfIXQPas59Vrzpl5tXeRxFOEQjuAEHGhAC66hDR0gEMADPMGzFVuP1ov1umwtWPnMAfyQ9fYJaESQCw==</latexit>

1

<latexit sha1_base64="zbc88+0uwD51tKVxeJVgdcv+ZxU=">AAAB6HicbZDJSgNBEIZr4hbjFvXopTEInsKMBGJuQS8eEzALJEPo6dQkbXoWunuEMOQJvHhQxKuP5M23sTMZxO2Hho+/qqjq34sFV9q2P6zC2vrG5lZxu7Szu7d/UD486qookQw7LBKR7HtUoeAhdjTXAvuxRBp4Anve7HpZ792jVDwKb/U8Rjegk5D7nFFtrLYzKlfsqp2J/AUnhwrkao3K78NxxJIAQ80EVWrg2LF2Uyo1ZwIXpWGiMKZsRic4MBjSAJWbZocuyJlxxsSPpHmhJpn7fSKlgVLzwDOdAdVT9bu2NP+rDRLtX7opD+NEY8hWi/xEEB2R5a/JmEtkWswNUCa5uZWwKZWUaZNNKQuhkYmsoF7LoeF8hdC9qDq1aqNdqzSv8jiKcAKncA4O1KEJN9CCDjBAeIAneLburEfrxXpdtRasfOYYfsh6+wS8c41R</latexit>

nC(kz) =
1

2⇡

I

FS(kz)
d~k · ~r~karg[dz(

~k)]

<latexit sha1_base64="SAaD0JKRL744zjhApHSeoJcqJOc="></latexit>

sliced Chern numbers (integer valued)

nC(kz)

<latexit sha1_base64="GcDsbxhRteXcsU9FvV6KPhzexwg="></latexit>

nC(kz)

<latexit sha1_base64="GcDsbxhRteXcsU9FvV6KPhzexwg="></latexit>

NC =
a

2⇡

Z +⇡/a

�⇡/a

dkz
2⇡

nC(kz)

<latexit sha1_base64="U8iQtfzl+2d+F94jeEGBS50vl9E="></latexit>

NC = 1

<latexit sha1_base64="VgYljHtNACvYnSWgbzEHDY1vBKQ=">AAACH3icbVDLSgMxFM34tr6qLt0Ei+CqzEhBuxBEN65EwarQGUomvdVgkhmSO0oZ5jfcql/jTtz6M2I6HcTXgSSHc84llxOnUlj0/XdvYnJqemZ2br62sLi0vFJfXbuwSW Y4dHgiE3MVMwtSaOigQAlXqQGmYgmX8e3RyL+8A2NFos9xmEKk2LUWA8EZOik86eWhUfSo2KdBr97wm34J+pcEFWmQCqe9+kfYT3imQCOXzNpu4KcY5cyg4BKKWphZSBm/ZdfQdVQzBTbKy50LuuWUPh0kxh2NtFS/T+RMWTtUsUsqhjf2tzcS//O6GQ72olzoNEPQfPzRIJMUEzoqgPaFAY5y6AjjRrhdKb9hhnF0NdVCDfc8UYrpfh7aohtEuXtdLsXqxqEE2giKolYW1i5Bx2S3VZF28FXYxU4zaDXbZ63GwWFV3RzZIJtkmwRklxyQY3JKOoSTlDyQR/LkPXsv3qv3No5OeNXMOvkB7/0TTCKjwQ==</latexit>

NC < 1

<latexit sha1_base64="BqLIQVtAbyl1i3hENtbogviecjU="></latexit>

Fermi
arc Fermi

arc

gap point node



Chiral superconductor in 3D systems

kx

<latexit sha1_base64="GzPA3N9i5EVgsar2V9WXIYsrV8E=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmxDH0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzHd4PyxWn6mTCf8HNoQK5WsPy+2AU0SRk0lBBtO67Tmy8lCjDqWDz0iDRLCZ0Ssasb1GSkGkvzU6d4xPrjHAQKfukwZn7fSIlodaz0LedITET/bu2MP+r9RMTnHspl3FimKTLRUEisInw4t94xBWjRswsEKq4vRXTCVGEGptOKQuhkQkvoV7LoeF+hdA5q7q1auO6Vmle5HEU4QiO4RRcqEMTrqAFbaAwhgd4gmck0CN6Qa/L1gLKZw7hh9DbJ6VUjnY=</latexit>

ky

<latexit sha1_base64="X0UOqDujx2cY9PI44gLWTPW4pKE=">AAAB6nicbZDLSgMxFIbPeK31VnXpJlgEV2VGCrW7ohuXFe0F2qFk0kwbmkmGJCMMQx/BjQtF3PpE7nwb0+kg3n4IfPznHM7JH8ScaeO6H87K6tr6xmZpq7y9s7u3Xzk47GqZKEI7RHKp+gHWlDNBO4YZTvuxojgKOO0Fs6tFvXdPlWZS3Jk0pn6EJ4KFjGBjrdvZKB1Vqm7NzYX+gldAFQq1R5X34ViSJKLCEI61HnhubPwMK8MIp/PyMNE0xmSGJ3RgUeCIaj/LT52jU+uMUSiVfcKg3P0+keFI6zQKbGeEzVT/ri3M/2qDxIQXfsZEnBgqyHJRmHBkJFr8G42ZosTw1AImitlbEZlihYmx6ZTzEJq50BIa9QKa3lcI3fOaV681b+rV1mURRwmO4QTOwIMGtOAa2tABAhN4gCd4drjz6Lw4r8vWFaeYOYIfct4+AabYjnc=</latexit>

kz

<latexit sha1_base64="3Hu3+9MeXP/9YU5HNHxQcZkV7zE=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmhDn0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzHd4PyxWn6mTCf8HNoQK5WsPy+2AU0SRk0lBBtO67Tmy8lCjDqWDz0iDRLCZ0Ssasb1GSkGkvzU6d4xPrjHAQKfukwZn7fSIlodaz0LedITET/bu2MP+r9RMTnHspl3FimKTLRUEisInw4t94xBWjRswsEKq4vRXTCVGEGptOKQuhkQkvoV7LoeF+hdA5q7q1auO6Vmle5HEU4QiO4RRcqEMTrqAFbaAwhgd4gmck0CN6Qa/L1gLKZw7hh9DbJ6hcjng=</latexit>

+

kx

<latexit sha1_base64="GzPA3N9i5EVgsar2V9WXIYsrV8E=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmxDH0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzHd4PyxWn6mTCf8HNoQK5WsPy+2AU0SRk0lBBtO67Tmy8lCjDqWDz0iDRLCZ0Ssasb1GSkGkvzU6d4xPrjHAQKfukwZn7fSIlodaz0LedITET/bu2MP+r9RMTnHspl3FimKTLRUEisInw4t94xBWjRswsEKq4vRXTCVGEGptOKQuhkQkvoV7LoeF+hdA5q7q1auO6Vmle5HEU4QiO4RRcqEMTrqAFbaAwhgd4gmck0CN6Qa/L1gLKZw7hh9DbJ6VUjnY=</latexit>

ky

<latexit sha1_base64="X0UOqDujx2cY9PI44gLWTPW4pKE=">AAAB6nicbZDLSgMxFIbPeK31VnXpJlgEV2VGCrW7ohuXFe0F2qFk0kwbmkmGJCMMQx/BjQtF3PpE7nwb0+kg3n4IfPznHM7JH8ScaeO6H87K6tr6xmZpq7y9s7u3Xzk47GqZKEI7RHKp+gHWlDNBO4YZTvuxojgKOO0Fs6tFvXdPlWZS3Jk0pn6EJ4KFjGBjrdvZKB1Vqm7NzYX+gldAFQq1R5X34ViSJKLCEI61HnhubPwMK8MIp/PyMNE0xmSGJ3RgUeCIaj/LT52jU+uMUSiVfcKg3P0+keFI6zQKbGeEzVT/ri3M/2qDxIQXfsZEnBgqyHJRmHBkJFr8G42ZosTw1AImitlbEZlihYmx6ZTzEJq50BIa9QKa3lcI3fOaV681b+rV1mURRwmO4QTOwIMGtOAa2tABAhN4gCd4drjz6Lw4r8vWFaeYOYIfct4+AabYjnc=</latexit>

kz

<latexit sha1_base64="3Hu3+9MeXP/9YU5HNHxQcZkV7zE=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmhDn0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzHd4PyxWn6mTCf8HNoQK5WsPy+2AU0SRk0lBBtO67Tmy8lCjDqWDz0iDRLCZ0Ssasb1GSkGkvzU6d4xPrjHAQKfukwZn7fSIlodaz0LedITET/bu2MP+r9RMTnHspl3FimKTLRUEisInw4t94xBWjRswsEKq4vRXTCVGEGptOKQuhkQkvoV7LoeF+hdA5q7q1auO6Vmle5HEU4QiO4RRcqEMTrqAFbaAwhgd4gmck0CN6Qa/L1gLKZw7hh9DbJ6hcjng=</latexit>

+

+
⇡

a

<latexit sha1_base64="/kInxXSNndljItRc37GjFk8ZxWc=">AAAB9XicbZBLS8NAFIVvfNb6qrp0M1gEQSiJFGp3RTcuK9gHNLFMppN26GQSZiZKCfkfblwo4tb/4s5/4zQN4uvAwOGce5nL58ecKW3bH9bS8srq2nppo7y5tb2zW9nb76ookYR2SMQj2fexopwJ2tFMc9qPJcWhz2nPn17O+94dlYpF4kbPYuqFeCxYwAjWJro9dQOJSerGLEtxNqxU7ZqdC/01TmGqUKg9rLy7o4gkIRWacKzUwLFj7aVYakY4zcpuomiMyRSP6cBYgUOqvDS/OkPHJhmhIJLmCY3y9PtGikOlZqFvJkOsJ+p3Nw//6waJDs69lIk40VSQxUdBwpGO0BwBGjFJieYzYzCRzNyKyAQbDtqAKucQmrnQwjTqhWk6XxC6ZzWnXmte16utiwJHCQ7hCE7AgQa04Ara0AECEh7gCZ6te+vRerFeF6NLVrFzAD9kvX0CCSWTSw==</latexit>

�⇡

a

<latexit sha1_base64="sXnlxs2SJPY7etpH9XxJwmE+5B8=">AAAB9XicbZBLS8NAFIVvfNb6qrp0M1gEN5ZECrW7ohuXFewDmlgm00k7dDIJMxOlhPwPNy4Ucet/cee/cZoG8XVg4HDOvczl82POlLbtD2tpeWV1bb20Ud7c2t7Zreztd1WUSEI7JOKR7PtYUc4E7WimOe3HkuLQ57TnTy/nfe+OSsUicaNnMfVCPBYsYARrE92euoHEJHVjlqU4G1aqds3Ohf4apzBVKNQeVt7dUUSSkApNOFZq4Nix9lIsNSOcZmU3UTTGZIrHdGCswCFVXppfnaFjk4xQEEnzhEZ5+n0jxaFSs9A3kyHWE/W7m4f/dYNEB+deykScaCrI4qMg4UhHaI4AjZikRPOZMZhIZm5FZIINB21AlXMIzVxoYRr1wjSdLwjds5pTrzWv69XWRYGjBIdwBCfgQANacAVt6AABCQ/wBM/WvfVovVivi9Elq9g5gB+y3j4BDEeTTQ==</latexit>

kz

<latexit sha1_base64="3Hu3+9MeXP/9YU5HNHxQcZkV7zE=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmhDn0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzHd4PyxWn6mTCf8HNoQK5WsPy+2AU0SRk0lBBtO67Tmy8lCjDqWDz0iDRLCZ0Ssasb1GSkGkvzU6d4xPrjHAQKfukwZn7fSIlodaz0LedITET/bu2MP+r9RMTnHspl3FimKTLRUEisInw4t94xBWjRswsEKq4vRXTCVGEGptOKQuhkQkvoV7LoeF+hdA5q7q1auO6Vmle5HEU4QiO4RRcqEMTrqAFbaAwhgd4gmck0CN6Qa/L1gLKZw7hh9DbJ6hcjng=</latexit>

C(kz)

<latexit sha1_base64="s+Q+bXxeYs1XoDOPkj7ZHdmfRdM=">AAAB7XicbZDLSgMxFIbPeK31VnXpJliEuikzUqjdFbtxWcFeoB1KJk3b2EwyJBmhDn0HNy4Ucev7uPNtTKeDePsh8PGfczgnfxBxpo3rfjgrq2vrG5u5rfz2zu7efuHgsK1lrAhtEcml6gZYU84EbRlmOO1GiuIw4LQTTBuLeueOKs2kuDGziPohHgs2YgQba7Ubpeng/mxQKLplNxX6C14GRcjUHBTe+0NJ4pAKQzjWuue5kfETrAwjnM7z/VjTCJMpHtOeRYFDqv0kvXaOTq0zRCOp7BMGpe73iQSHWs/CwHaG2Ez079rC/K/Wi83owk+YiGJDBVkuGsUcGYkWX0dDpigxfGYBE8XsrYhMsMLE2IDyaQi1VGgJ1UoGNe8rhPZ52auUa9eVYv0yiyMHx3ACJfCgCnW4gia0gMAtPMATPDvSeXRenNdl64qTzRzBDzlvn/qsjyo=</latexit>

+
⇡

a

<latexit sha1_base64="/kInxXSNndljItRc37GjFk8ZxWc=">AAAB9XicbZBLS8NAFIVvfNb6qrp0M1gEQSiJFGp3RTcuK9gHNLFMppN26GQSZiZKCfkfblwo4tb/4s5/4zQN4uvAwOGce5nL58ecKW3bH9bS8srq2nppo7y5tb2zW9nb76ookYR2SMQj2fexopwJ2tFMc9qPJcWhz2nPn17O+94dlYpF4kbPYuqFeCxYwAjWJro9dQOJSerGLEtxNqxU7ZqdC/01TmGqUKg9rLy7o4gkIRWacKzUwLFj7aVYakY4zcpuomiMyRSP6cBYgUOqvDS/OkPHJhmhIJLmCY3y9PtGikOlZqFvJkOsJ+p3Nw//6waJDs69lIk40VSQxUdBwpGO0BwBGjFJieYzYzCRzNyKyAQbDtqAKucQmrnQwjTqhWk6XxC6ZzWnXmte16utiwJHCQ7hCE7AgQa04Ara0AECEh7gCZ6te+vRerFeF6NLVrFzAD9kvX0CCSWTSw==</latexit>

�⇡

a

<latexit sha1_base64="sXnlxs2SJPY7etpH9XxJwmE+5B8=">AAAB9XicbZBLS8NAFIVvfNb6qrp0M1gEN5ZECrW7ohuXFewDmlgm00k7dDIJMxOlhPwPNy4Ucet/cee/cZoG8XVg4HDOvczl82POlLbtD2tpeWV1bb20Ud7c2t7Zreztd1WUSEI7JOKR7PtYUc4E7WimOe3HkuLQ57TnTy/nfe+OSsUicaNnMfVCPBYsYARrE92euoHEJHVjlqU4G1aqds3Ohf4apzBVKNQeVt7dUUSSkApNOFZq4Nix9lIsNSOcZmU3UTTGZIrHdGCswCFVXppfnaFjk4xQEEnzhEZ5+n0jxaFSs9A3kyHWE/W7m4f/dYNEB+deykScaCrI4qMg4UhHaI4AjZikRPOZMZhIZm5FZIINB21AlXMIzVxoYRr1wjSdLwjds5pTrzWv69XWRYGjBIdwBCfgQANacAVt6AABCQ/wBM/WvfVovVivi9Elq9g5gB+y3j4BDEeTTQ==</latexit>

kz

<latexit sha1_base64="3Hu3+9MeXP/9YU5HNHxQcZkV7zE=">AAAB6nicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZKdTuim5cVrQXaIeSSTNtaCYzJBmhDn0ENy4UcesTufNtTKeDePsh8PGfczgnvx8Lro3jfKDCyura+kZxs7S1vbO7V94/6OgoUZS1aSQi1fOJZoJL1jbcCNaLFSOhL1jXn14u6t07pjSP5K2ZxcwLyVjygFNirHUzHd4PyxWn6mTCf8HNoQK5WsPy+2AU0SRk0lBBtO67Tmy8lCjDqWDz0iDRLCZ0Ssasb1GSkGkvzU6d4xPrjHAQKfukwZn7fSIlodaz0LedITET/bu2MP+r9RMTnHspl3FimKTLRUEisInw4t94xBWjRswsEKq4vRXTCVGEGptOKQuhkQkvoV7LoeF+hdA5q7q1auO6Vmle5HEU4QiO4RRcqEMTrqAFbaAwhgd4gmck0CN6Qa/L1gLKZw7hh9DbJ6hcjng=</latexit>

C(kz)

<latexit sha1_base64="s+Q+bXxeYs1XoDOPkj7ZHdmfRdM=">AAAB7XicbZDLSgMxFIbPeK31VnXpJliEuikzUqjdFbtxWcFeoB1KJk3b2EwyJBmhDn0HNy4Ucev7uPNtTKeDePsh8PGfczgnfxBxpo3rfjgrq2vrG5u5rfz2zu7efuHgsK1lrAhtEcml6gZYU84EbRlmOO1GiuIw4LQTTBuLeueOKs2kuDGziPohHgs2YgQba7Ubpeng/mxQKLplNxX6C14GRcjUHBTe+0NJ4pAKQzjWuue5kfETrAwjnM7z/VjTCJMpHtOeRYFDqv0kvXaOTq0zRCOp7BMGpe73iQSHWs/CwHaG2Ez079rC/K/Wi83owk+YiGJDBVkuGsUcGYkWX0dDpigxfGYBE8XsrYhMsMLE2IDyaQi1VGgJ1UoGNe8rhPZ52auUa9eVYv0yiyMHx3ACJfCgCnW4gia0gMAtPMATPDvSeXRenNdl64qTzRzBDzlvn/qsjyo=</latexit>

+kFz

<latexit sha1_base64="v4ZArQz18xOQclveo2F/dKvr59M=">AAAB7nicbZDLSsNAFIZP6q3WS6su3QwWQRBKIoXaXVEQlxXsBdpQJtNJO2QyCTMToYY+hBsXirj1edz5Nk7TIN5+GPj4zzmcM78Xc6a0bX9YhZXVtfWN4mZpa3tnt1zZ2++qKJGEdkjEI9n3sKKcCdrRTHPajyXFocdpzwsuF/XeHZWKReJWz2LqhngimM8I1sbqnQaj9Op+PqpU7ZqdCf0FJ4cq5GqPKu/DcUSSkApNOFZq4NixdlMsNSOczkvDRNEYkwBP6MCgwCFVbpqdO0fHxhkjP5LmCY0y9/tEikOlZqFnOkOsp+p3bWH+Vxsk2j93UybiRFNBlov8hCMdocXf0ZhJSjSfGcBEMnMrIlMsMdEmoVIWQjMTWkKjnkPT+Qqhe1Zz6rXmTb3ausjjKMIhHMEJONCAFlxDGzpAIIAHeIJnK7YerRfrddlasPKZA/gh6+0TZTCQCQ==</latexit>

�kFz

<latexit sha1_base64="7aXeqlGsVozUjoyZLlfGa9scqQ0=">AAAB7nicbZDLSsNAFIZP6q3WS6su3QwWwY0lkULtriiIywr2Am0ok+mkHTKZhJmJUEMfwo0LRdz6PO58G6dpEG8/DHz85xzOmd+LOVPatj+swsrq2vpGcbO0tb2zW67s7XdVlEhCOyTikex7WFHOBO1opjntx5Li0OO05wWXi3rvjkrFInGrZzF1QzwRzGcEa2P1ToNRenU/H1Wqds3OhP6Ck0MVcrVHlffhOCJJSIUmHCs1cOxYuymWmhFO56VhomiMSYAndGBQ4JAqN83OnaNj44yRH0nzhEaZ+30ixaFSs9AznSHWU/W7tjD/qw0S7Z+7KRNxoqkgy0V+wpGO0OLvaMwkJZrPDGAimbkVkSmWmGiTUCkLoZkJLaFRz6HpfIXQPas59Vrzpl5tXeRxFOEQjuAEHGhAC66hDR0gEMADPMGzFVuP1ov1umwtWPnMAfyQ9fYJaESQCw==</latexit>

1

<latexit sha1_base64="zbc88+0uwD51tKVxeJVgdcv+ZxU=">AAAB6HicbZDJSgNBEIZr4hbjFvXopTEInsKMBGJuQS8eEzALJEPo6dQkbXoWunuEMOQJvHhQxKuP5M23sTMZxO2Hho+/qqjq34sFV9q2P6zC2vrG5lZxu7Szu7d/UD486qookQw7LBKR7HtUoeAhdjTXAvuxRBp4Anve7HpZ792jVDwKb/U8Rjegk5D7nFFtrLYzKlfsqp2J/AUnhwrkao3K78NxxJIAQ80EVWrg2LF2Uyo1ZwIXpWGiMKZsRic4MBjSAJWbZocuyJlxxsSPpHmhJpn7fSKlgVLzwDOdAdVT9bu2NP+rDRLtX7opD+NEY8hWi/xEEB2R5a/JmEtkWswNUCa5uZWwKZWUaZNNKQuhkYmsoF7LoeF8hdC9qDq1aqNdqzSv8jiKcAKncA4O1KEJN9CCDjBAeIAneLburEfrxXpdtRasfOYYfsh6+wS8c41R</latexit>

nC(kz)

<latexit sha1_base64="GcDsbxhRteXcsU9FvV6KPhzexwg="></latexit>

nC(kz)

<latexit sha1_base64="GcDsbxhRteXcsU9FvV6KPhzexwg="></latexit>

NC = 1

<latexit sha1_base64="VgYljHtNACvYnSWgbzEHDY1vBKQ=">AAACH3icbVDLSgMxFM34tr6qLt0Ei+CqzEhBuxBEN65EwarQGUomvdVgkhmSO0oZ5jfcql/jTtz6M2I6HcTXgSSHc84llxOnUlj0/XdvYnJqemZ2br62sLi0vFJfXbuwSW Y4dHgiE3MVMwtSaOigQAlXqQGmYgmX8e3RyL+8A2NFos9xmEKk2LUWA8EZOik86eWhUfSo2KdBr97wm34J+pcEFWmQCqe9+kfYT3imQCOXzNpu4KcY5cyg4BKKWphZSBm/ZdfQdVQzBTbKy50LuuWUPh0kxh2NtFS/T+RMWTtUsUsqhjf2tzcS//O6GQ72olzoNEPQfPzRIJMUEzoqgPaFAY5y6AjjRrhdKb9hhnF0NdVCDfc8UYrpfh7aohtEuXtdLsXqxqEE2giKolYW1i5Bx2S3VZF28FXYxU4zaDXbZ63GwWFV3RzZIJtkmwRklxyQY3JKOoSTlDyQR/LkPXsv3qv3No5OeNXMOvkB7/0TTCKjwQ==</latexit>

NC < 1

<latexit sha1_base64="BqLIQVtAbyl1i3hENtbogviecjU="></latexit>

Fermi
arc Fermi

arc

non-universal surface currents

thermal Hall effect xy =
⇡

6

k2BT

~ NC

<latexit sha1_base64="M+d77zIvI1iU8xiV2+7FbNqsops="></latexit>

universal

non-universal
measures length

of Fermi arc



possible chiral superconductors

Sr2RuO4 URu2Si2
tetragonal

crystal structure

µSR
polar Kerr effect polar Kerr effect

odd-parity

chiral p-wave

chiral d-wave

even-parity

dz(~k) = �0(kx ± iky)

<latexit sha1_base64="PixGxeEbH0GXO4ag9YVp+y6Xbjg="></latexit>

d0(~k) = �0(kx ± iky)kz

<latexit sha1_base64="Yne7Cjo7IGZ49yzKcqYqWytjfn0="></latexit>

nodal gap



possible chiral superconductors

Sr2RuO4 URu2Si2
tetragonal

crystal structure

µSR
polar Kerr effect polar Kerr effect

odd-parity

chiral p-wave

chiral d-wave

even-parity

dz(~k) = �0(kx ± iky)

<latexit sha1_base64="PixGxeEbH0GXO4ag9YVp+y6Xbjg="></latexit>

d0(~k) = �0(kx ± iky)kz

<latexit sha1_base64="Yne7Cjo7IGZ49yzKcqYqWytjfn0="></latexit>

under debate now! 
new NMR-Knight shift data cast 

doubt on odd-parity pairing 

nodal gap



possible chiral superconductors

UPt3 SrPtAshexagonal
crystal structure

U
Pt

odd-parity

µSR
polar Kerr effect µSR

even-parity

chiral f-wave

chiral d-wave

d0(~k) = �0(kx ± iky)
2

<latexit sha1_base64="iyQXjQuVzEHe7LE6enS8jh9f03k="></latexit>

dz(~k) = �0(kx ± iky)
2kz

<latexit sha1_base64="1zv+CNFfOed9Hhj/lRoY2F2AKxc="></latexit>

nodal gap



other topological superconductors in 2D
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odd-parity superconductors with time reversal symmetry
example on square lattice (nearest-neighbor pairing)

~d(~k) = �0{~̂x sin kx + ~̂y sin ky}
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spin dependent chirality
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helical edge states

non-universal 
edge spin currents 



other topological superconductors in 3D
odd-parity superconductors with time reversal symmetry

example on cubic lattice (nearest-neighbor pairing)

~d(~k) = �0{~̂x sin kx + ~̂y sin ky + ~̂z sin kz}
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completely gapped spectrum in general

|�~k|
2 = |~d(~k)|2 = |�0|(sin2 kx + sin2 ky + sin2 kz)
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analog to BW-phase - B-phase of superfluid 3He

edge states 
with spin texture



other topological superconductors in 3D
odd-parity superconductors with time reversal symmetry

example on cubic lattice (nearest-neighbor pairing)
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completely gapped spectrum in general

|�~k|
2 = |~d(~k)|2 = |�0|(sin2 kx + sin2 ky + sin2 kz)

<latexit sha1_base64="PjPVLZqIB8aM73dM3Y108SJUpPI="></latexit>

analog to BW-phase - B-phase of superfluid 3He

edge states 
with spin texture

surface spin currents



topological superconducting phases

classes of Bogolyubov-de Gennes Hamiltonians with non-trivial edge states

⇥
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Conclusion

topologically non-trivial phases in unconventional superconductors

time reversal symmetry broken

• non-universal spontaneous surface currents

• quantized thermal Hall effect

chiral superconductors

Bogolyubov quasiparticles 
conserve energy, but not charge

helical superconductors time reversal symmetry broken

• non-universal spontaneous surface spin current

• quantized thermal spin Hall effect
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